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Abstract
Gamma Ray Bursts (GRBs) and Supernovae (SNe) are among the brightest and most
energetic physical processes in the universe. It is known that core-collapse SNe arise
from the gravitational collapse and subsequent explosion of massive stars (the progen-
itors of nearby core-collapse SNe have been imaged and unambiguously identified).
It is also believed that the progenitors of long-duration GRBs (L-GRBs) are massive
stars, mainly due to the occurrence and detection of very energetic core-collapse su-
pernovae that happen both temporally and spatially coincident with most L-GRBs.
However many outstanding questions regarding the nature of these events exist: How
massive are the progenitors? What evolutionary stage are they at when they explode?
Do they exist as single stars or in binary systems (or both, and to what fractions)?
The work presented in this thesis attempts to further our understanding at the types
of progenitors that give rise to long-duration GRB supernovae (GRB-SNe). This work
is based on optical photometry obtained for three GRB-SNe events: GRB 060729,
GRB 090618 and XRF 100316D (an X-Ray Flash is similar to a L-GRB, but has a
lower peak energy). For GRB 060729 and GRB 090618 we model the optical light
curves and account for light coming from three sources: the host galaxy, the afterglow
and the supernova. When we remove the host flux, and model the afterglow, the re-
maining flux resembles that of a SN, both in the shape of the light curve and the shape
of the spectral energy distribution.
Our investigation of XRF 100316D and its spectroscopically-confirmed Ic-BL
SN 2010bh is more detailed as we were able to obtain optical and infrared data in
many filters, which we utilize to created a quasi-bolometric light curve that we model
to determine physical parameters of the SN. We then apply our model to previous,
spectroscopically-connected GRB-SNe and discuss our results in relation to those al-
ready published in the literature.
Finally, we collect from the literature almost all of the data available for the GRB-
SNe, as well as a moderate sample of nearby Ibc SNe. We then perform two analyses:
First, we compare the peak, absolute V -band magnitudes of the GRB-SNe with those
of the local Ibc SNe. Next, we compare the widths of the GRB-SNe and Ibc SNe light
curves in theV and R bands. When we make a few assumptions regarding the physical
processes occurring in these events, we are able to make several conclusions regarding
the nature of the progenitors of stripped-envelope, core-collapse SNe.
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Introduction
SECTION 1.1
Supernovae
The study of supernovae (SNe) has opened a unique window for astronomers and as-
trophysicists to study the nature of the universe on a variety of scales: nucleosynthesis
and particle acceleration provides a laboratory to study the very smallest scales while
the use of type Ia SNe as standardisable candles has allowed cosmologists to ascertain
the geometry and topology of the universe at the very largest scales.
Historically, SNe have been classified by their observed properties. Mostly, classi-
fications are based upon their observed spectra but also to some extent on their optical
light-curves (LCs). Many SNe are classified on their early spectra near maximum
light, which consists of a thermal continuum and P-Cygni profiles of lines formed by
resonant scattering. This means that the SN type are categorized on the basis of the
chemical and physical properties of the outermost layers of the expanding ejecta.
The two classes of SNe are based around the detection (or non-detection) of hy-
drogen in the observed spectra (Minkowski 1941): type I SNe are lacking in hydrogen
while type II SNe are not. Type I are further divided into subclasses Ia, Ib and Ic. Type
Ia SNe are characterized by the presence of a strong absorption trough near 6150A˚
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Figure 1.1 SNe classification. (Turatto 2007; revised version of original image from
Turatto 2003).
which is attributed to Si II. Type Ib SNe lack this absorption feature but display helium
features while type Ic lack (or have extremely weak) Si II, H and He features. The
latter two subtypes have only been distinguished relatively recently in history (Elias et
al. 1985; Gaskell et al. 1986; Uomoto & Kirshner 1985; Wheeler & Levreault 1985)
and are frequently referred to under the more general label of type Ibc. Type II SNe,
which do have hydrogen in their spectra, are further classified according to additional
observational features. A few sub-classes are usually mentioned in the literature where
IIP (Plateau) and IIL (Linear) constitute the majority of type II SNe (see Figure 1.2).
Additional subgroups include type IIb, which are thought to be transitional objects be-
tween type II and Ib due to the detection of Ha and Hb P-Cygni features at early-times
that then fade and are replaced by He lines akin to type Ib SNe (Filippenko et al. 1993).
Type IIn SNe (narrow emission lines, usually Ha at early-times; e.g. Schlegel et al.
1990) which were once thought to represent an additional sub-class of type II SNe, are
now accepted to be “interacting SNe” (i.e. a SN of any type occuring within a dense
hydrogen shell/envelope and are thus related to the amount of circumstellar material
surrounding the progenitor rather than representing a specific type of explosion (e.g.
Kotak et al. 2004).
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Figure 1.2 Observed fractions of the subclasses of SNe in a volume-limited sample as
observed by Li et al. (2011) from the Lick Observatory Supernova Search.
Performing a nucleosynthesis study in 1960, Hoyle & Fowler first recognized two
physically different groups of SN: Core-Collapse Supernovae (types Ibc & II), and
Thermonuclear SNe (type Ia). Core-Collapse SNe (ccSNe) are the result of the gravita-
tional collapse of the stellar nucleus of a massive star, where the conversion of gravita-
tional potential energy into kinetic energy destroys the progenitor star. Thermonuclear-
runaway SNe are the result of a thermonuclear explosion of a white dwarf (WD) where
the accretion of material onto the WD takes it over the Chandrasekhar mass and an
eventual SN is created.
However neat and structured the classification of SNe may at first appear, the
reality is that there are many peculiar SNe that avoid any attempts to place them into
tidy pigeon holes. Further still, the actual physical mechanisms that produce the SNe
are not completely understood, and to date theorists still struggle to get their models
to explode as the SNe we observe in the universe around us (e.g. Janka et al. 2007;
Bruenn et al. 2009; Burrows et al. 2006). While many hours may have been consumed
in a frustrated stupor, the current lack of clarity provides astronomers the exciting
prospect of further understanding in the future.
SECTION 1.2
Thermonuclear Supernovae
As mentioned above, type Ia SNe are thought to originate from the thermonuclear
explosion of an accreting white dwarf (e.g. Branch et al. 1995). There are two sce-
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narios proposed in the literature to explain the explosion, both of which occur in a
binary system. The single-degenerate scenario (Nomoto et al. 1982; Whelan & Iben
1973) is envisioned where a WD accretes hydrogen-rich material from either a Main-
Sequence (MS) or Red-Giant companion until the accretion takes the WD over the
Chandrasekhar mass and explodes. The double-degenerate scenario (Iben & Tutukov
1984; Webbink 1984) is thought to arise from the merging of two WDs through the
loss of angular momentum from gravitational wave emission.
In both scenarios carbon ignition occurs in degenerate conditions at the cen-
tre/core of a carbon-oxygen WD. As the WD approaches the Chandrasekhar mass the
stellar density and temperature increase rapidly, which eventually allows carbon fusion
to occur. Convective burning of carbon continues in the stellar core until a region of
the WD becomes unstable and is provoked into thermonuclear runaway, which marks
the beginning of the SN explosion.
While the exact scenario of how the fuel is consumed and how the thermonuclear
flame propagates through the degenerate stellar material is still yet to be fully appre-
ciated theoretically, it is generally accepted that the propagation of the thermonuclear
runaway can proceed in one of two ways: either by subsonic deflagration of the wave,
where the flame is governed by electron thermal conduction (Nomoto et al. 1976), or
by supersonic detonation where the flame is driven by shock waves (Arnett 1969).
The WD scenarios explains the majority of the main observational features of
these objects and the fact they occur in all types of galaxies including ellipticals (i.e. it
may take a Hubble time to accrete the critical mass (e.g. Woosley & Weaver 1986)),
however the lack of hydrogen in their spectra is still difficult to explain within the
single-degenerate model. The homogeneity of the explosion scenarios is seen in their
observed properties (i.e. spectra and light-curve shape and brightness), which have led
to their use as standardizable candles, and their application in cosmology is now an
important part of scientific history. Two independent studies by Riess et al. (1998)
and Perlmutter et al. (1999) used Type Ia SNe to show that the universe is not only
expanding, but doing so at an accelerated rate. The use of the light-curves of type
Ia SNe as standard candles has been developed during recent years, resulting in the
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derivation of empirical relationships such as theÆm15 relation (Phillips et al. 1993), the
Multi-colour Light-Curve Shape method (MLCS) (Riess et al. 1996) and the stretch-
method (Perlmutter et al. 1997).
SECTION 1.3
Core-Collapse Supernovae
The ccSNe population consist of all of the type II SNe as well as types Ib and Ic.
As mentioned previously, it is widely believed that ccSNe take place in massive stars
with Zero Age Main Sequence (ZAMS) masses ≥ 8M� at the end of a series of cen-
tral nuclear burning episodes, the final burning process creating an iron core. The
core eventually collapses and a compact object such as a neutron star or black hole
is formed. The different configurations of the progenitors prior to explosion, as well
as the different energies produced during the SNe and the interaction of the SN ejecta
with circumstellar material produce the large variety of optical behaviour seen by as-
tronomers.
Due to their association with massive stars, ccSNe are observed almost exclusively
in star-forming galaxies, including spiral arms (e.g. Maza & van den Bergh 1976) and
HII regions (e.g. van Dyk 1992) and have not been observed in elliptical galaxies.
1.3.1
Type II Supernovae
Type II SNe are the most abundant type of ccSNe. Type II SNe display a wide variety
of properties in their light curves and spectra (see Filippenko 1997 for a review). Four
subclasses of type II SNe are usually mentioned in the literature: IIP (Plateau) and IIL
(Linear) constitute the majority of all type II SNe (e.g. Barbon et al. 1979), and types
IIn (narrow line) and IIb (an intermediate SN, with early features of type II SNe that
are replaced by type Ib features at late times).
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The luminosity of type IIP SNe stops declining after maximum light and forms
a plateau lasting roughly 100 days, during which it is believed that a recombination
wave moves through the massive hydrogen envelope releasing its internal energy and
powering the light curve (e.g. Chevalier 1976). In contrast, type IIL SNe show a linear
decline in luminosity, likely due to the progenitor possessing a lower-mass envelope
before exploding. These two classifications of SNe are not homogeneous and many
intermediate cases exist with shorter plateau phases (e.g. SN 1992H; Clocchiatti et al.
1996B), indicating a continuous transition in shapes from type IIL to IIP (e.g. Young
& Branch 1989). Since the duration of the plateau is likely related to the progenitor’s
stellar envelope (Litvinova & Nadyozhin 1983), it is generally accepted that envelopes
of different masses and thicknesses constitute the continuous transition of light curves
from IIL to IIP. Finally, it is worth noting that there are not any spectral differences
between types IIP and IIL.
Type IIb SNe are thought to be transitional objects between type II ccSNe and Ib
SNe as they possess hydrogen features in the early-time spectra (i.e. type II features)
which are replaced by helium features in late-time spectra which are similar to type Ib
SNe. Examples of type IIb SN are SN 1987K and SN 1993J in M81. Intriguingly, there
are some events such as SN 2001ig and 2003bg that display these spectral features in
the opposite order (i.e. they display helium features in the early-time spectra that are
then replaced by hydrogen features in the late-time spectra).
Many peculiar type II SNe are grouped into the class of IIn. The spectra of these
objects have a slow evolution and are dominated by strong Balmer emission lines but
lack broad absorption features. It is commonly believed that the features we observe in
these events are the result of interactions between the ejecta and a dense circumstellar
medium (CSM), which transforms mechanical energy of the ejecta into radiation. The
interaction of the fast-moving ejecta with the CSM generates a forward shock in the
CSM and a reverse shock in the ejecta. An example of a type IIn SN is SN 2006gy
(e.g. Smith et al. 2007).
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1.3.2
Type Ibc Supernovae
Type Ib and Ic SNe have lost their hydrogen (Ib) and helium (Ic) envelopes prior to
explosion, and are thus termed stripped-envelope SNe. The mass-loss is thought to
arise from the increased mass of the progenitor relative to the progenitors of type II
SNe, where higher stellar masses imply higher stellar winds (NB. increased metal con-
tent of the progenitor can also explain the higher mass-loss through line-driven winds;
e.g. Puls et al. 1996; Kudritzki & Puls 2000; Mokiem 2007, thus suggesting that the
progenitors of type Ibc SNe could also have higher metallicity than type II SNe), that
blow away the outer layers of the progenitor star. However, it is also expected that
a moderate to high percentage of Ibc SNe arise from progenitors that exist in binary
systems (e.g. Smartt 2009). The role of binarity provides a plausible route for type Ibc
SNe formation as interactions in the binary could strip the outer envelopes of the star
prior to explosion (Podsiadlowski 1992).
The leading candidate progenitor of Ibc SNe are Wolf-Rayet stars (e.g. Gaskell
et al. 1986). If some Ibc SNe arise from single, massive stars, then the large mass
of Wolf-Rayet (WR) stars, as well as the large mass-loss observed (e.g. Barlow et
al. 1981; Crowther et al. 2002), and their occurrence in binary systems (e.g. Pollock
1987) make them a natural candidate.
The environments of Ibc SNe also hold clues to their possible progenitors. Type
Ibc SNe occur almost exclusively in late-type galaxies (e.g. van den Bergh et al. 2005),
implying they arise from young, massive stellar progenitors that are likely to be more
massive than type II progenitors.
Over the past decade or so, a particular subclass of type Ic SNe displaying very
broad lines (Ic-BL) indicating high expansion velocities, is receiving attention due
to their association with GRBs (e.g. GRB 980425 and its association with Ic-BL
SN 1998bw; Galama et al. 1998). However, there are several Ic-BL events that,
despite being as energetic as GRB-supernovae, though not as asymmetric, were not
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accompanied by a GRB-trigger (e.g. Ic-BL SN 2009bb; Pignata et al. 2011).
1.3.3
Faint & Peculiar Core-Collapse Supernovae
As previously mentioned, not all SNe observed fit into the aforementioned categories.
Countless faint and peculiar SNe have been detected, that display either faint optical
light-curves (e.g. peculiar SN 2008ha was only MV = −14.2 at peak; Foley et al.
2009), or spectral features that are unlike the conventional ccSNe spectra. For instance,
SN 1993R (Filippenko 1997) showed hybrid spectral features of type Ia and type Ibc
at late epochs. Other examples include SN 2000er which is suspected to be a ccSN
that lost its helium envelope shortly before explosion. SN 2000er which was classified
as peculiar (Clocchiatti & Wheeler 2000; Maury et al. 2000) as it showed a broad
maximum at MV ≈ −19, followed by a rapid decline of 5 mag in 50 days and an
unusual spectrum that included iron and silicon species.
The observed properties of faint ccSNe are consistent with very small ejected
nickel masses (< 10−3 M�) and low explosion energies (� 1051 erg) (Zampieri et al.
2003). This might suggest high-mass progenitors (MZAMS ≥ 20− 25M�) for which
material, which was initially expelled, cannot overcome the gravitational potential and
falls back upon the newly-formed compact object (e.g. Colgate 1971). Fall-back is also
thought to occur if the explosion energy is small. The inner part of the star falls back
upon the central remnant and only the outer part of the star overcomes the gravitational
potential. This outer layer may be ejected and observed as a SN (e.g. Fryer et al. 2007;
Fryer et al. 2009). As this ejecta has a kinetic energy just above that needed to escape
the gravitational potential, it is expected to have very low energy.
The existence of these faint SNe has been suggested in the framework of GRBs
(see Section 1.11.3), for which there are several examples of nearby long-duration (e.g.
GRBs 060505 and 060614; Fynbo et al. 2006) for which no SNe has been found to
very deep optical limits (no brighter than MV = −13.5). Tominaga et al. (2007) have
shown that faint SNe with low energies and little nickel production are compatible with
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relativistic jet-induced black-hole forming explosions of massive stars.
SECTION 1.4
The Core-Collapse Explosion Scenario
It is believed that the general explosion scenario applies to all ccSNe with stellar
masses MZAMS ≥ 8M�. At the end of the helium-burning episode in the stellar core,
the central temperature and density are high enough for the onset of carbon fusion.
This scenario differs in stars that are less massive as carbon fusion cannot proceed and
instead the fusion stops and the star eventually cools into a carbon-oxygen white dwarf.
In the more massive stars, carbon burning is followed by the burning of heavier
elements up to iron, where a maximum is reached in the nuclear binding energy per
nucleon, meaning no further energy can be released via nuclear fusion. At this stage
the star can be envisioned as being comprised of concentric shells of ashes left over
from the numerous stages of nuclear burning.
Once the iron core is formed, it continues to grow through silicon shell burning
until it reaches its Chandrasekhar mass, and electron degeneracy cannot support it
against collapse. The collapse is triggered at temperatures T ∼ 1010 K and densities
r ∼ 1010 g cm−3, where photo-disintegration of iron into free nucleons and alpha
particles, as well as electron capture by protons, removes energy and electrons from
the core (that helped support against collapse), as well as creating neutrinos, all of
which accelerate the core-collapse. An inner core with mass of 0.6− 0.8 M� begins
to contract almost into a free-fall regime, and in a few hundredths of a second the
central density reaches r ∼ 1014 g cm−3 and neutron degeneracy halts the collapse.
The outermost layers, still in a state close to free-fall, collides with the decelerated
inner core, creating a shock-wave at the boundary of the inner and outer envelope.
Here is where theory debates the exact mechanism driving the expulsion of ma-
terial from the star. Originally it was thought that the shock-wave created from the
in-falling material was energetic enough to expel the outer layers of the star, but exten-
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Figure 1.3 Supernova types that result from the collapse of non-rotating massive stars
(Heger et al. 2003) as a function of main-sequence mass and progenitor metallic-
ity. One key assumption of these models is that zero mass-loss is assumed for low-
metallicity stars.
sive modelling showed that there was not enough energy available to explain existing
observations (e.g. Bethe 1990; Woosley & Weaver 1986, 1995). It was also theorized
that the enormous neutrino flux (e.g. Colgate & White 1966) could power the super-
nova, but the cross-section of the interaction with the surrounding material is perhaps
too small. Nevertheless, by ∼ 0.1 s after the onset of the collapse, a “proto-neutron
star”, with a radius of ∼ 30 km and mass 1.4M� is formed, and soon after, a BH may
be formed if the proto-neutron star accretes enough material.
SECTION 1.5
Progenitors of Core-Collapse Supernovae
As previously mentioned, the progenitors of all ccSNe are thought to arise from stars
MZAMS ≥ 8M�. Hydrogen-rich type IIP SNe have been associated with red super-
11
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giant progenitors (Smartt 2009 and references therein) by direct observations of the
progenitor stars in pre-explosion images (Smartt et al. 2004; Maund et al. 2005;
Hendry et al. 2006; Li et al. 2006; Gal-Yam et al. 2007; Li et al. 2007; Crockett et al.
2008).
It is expected that the progenitors of type IIb and Ibc SNe arise from more massive
progenitors than those of type II SNe. The larger mass (as well as increased metallicity)
implies that more mass is lost by the progenitor before exploding, probably via strong,
line-driven stellar winds (see Section 1.3.2). Figure 1.3 is from Heger et al. (2003)
that determined the type of remnant and supernova that would result from the collapse
of non-rotating, massive stars with varying metallicity and main-sequence mass. In
these models the progenitors of type II SNe arise from progenitors with lower mass
(regardless of progenitor metallicity) than those of Ibc SNe. Indeed in their models,
Ibc SNe only arise from massive stars (MZAMS ≥ 25− 30M�) with a metal content
roughly ∼ 0.5−1.0 solar.
However, only the progenitors of type IIP SNe have been directly detected despite
numerous attempts to find those of types IIL, Ibc and IIb (e.g. Gal-Yam et al. 2005;
Maund et al. 2005; Crockett et al. 2008; Smartt et al. 2009). The exact identity of the
progenitor stars of IIb and Ibc SNe remains a mystery, though indirect measurements as
well as theoretical expectations suggest that high-mass (MZAMS ≥ 30− 35M�) Wolf-
Rayet (WR) stars, as well as massive stars (that are less massive than those that are
usually associated with WR stars) in binary-systems are likely candidates.
Indirect attempts to characterise the progenitors of these SNe are performed via
statistical analyses of massive-star populations. Two methods are exploited in the lit-
erature, the first being the measurement of the number ratio of type Ibc SNe to type
II SNe as a function of host-galaxy metallicity, using host luminosity as a metallicity
proxy (e.g. Prantzos & Boissier 2003; Boissier & Prantzos 2009), and the second by
direct metallicity measurements (e.g. Prieto et al. 2008). Both methods show that the
ratio of Ibc to II SNe increases with increasing host metallicity, suggesting wind-driven
mass loss plays an important role in the formation of stripped envelope WR stars ex-
ploding as type Ibc SNe and that at lower metallicities massive stars that might have
12
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ended as type Ibc SNe explode instead as type II SNe.
Attempts to extend these studies to quantify metallicity differences in the pro-
genitors of Ib vs. Ic SNe have proved inconclusive, with two independent studies by
Anderson et al. (2010) and Leloudas et al. (2011) showing no statistically significant
difference in the metallicities at the sites of Ib and Ic SNe. This is at odds to Modjaz
et al. (2011) who find that the sites of Ic SNe are systematically more metal-rich than
those of Ib SNe, and Ic-BL (broad-lined Ic SNe) occuring at metallicities between Ib
and Ic. Thus with no clear understanding whether the progenitors of Ic SNe are more
metal-rich than those of Ib SNe, it is still uncertain whether the progenitor stars of Ic
SNe have an increased rate of mass-loss via line-driven stellar winds than those of Ib
SNe.
The location of a SN in its host galaxy can also be an indicator of the mass and
metallicity of the stellar progenitor. Studies have shown that type Ibc SN are preferen-
tially found in more central regions of their host than type II SNe (van den Bergh 1997;
Tsvetkov et al. 2004; Kelly et al. 2008; Hakobyan 2008; Anderson & James 2009)
with type Ic the most centrally concentrated. This implies a progenitor-metallicity se-
quence from type II-Ib-Ic, and supports the results of the number ratio analyses that
type Ibc progenitors would explode as type II SNe in low metallicity regions.
However, the progenitors of GRB-SNe arise from a very special population of
progenitors, which among other properties, are metal poor. It has been observed that
all of the spectroscopically-linked GRB-SNe have been of type Ic-BL (i.e. Ic SNe with
relativistically-moving ejecta), but arise from environments that are very metal-poor
(see Section 1.10). Observations have showed that long-duration GRBs occur in faint,
metal-poor galaxies, and Fruchter et al. (2006) showed that they occur in the regions
of highest surface brightness of their host galaxy. This result was extended by Kelly et
al. (2008), showing that Ic SNe also occur in the regions of highest surface brightness
of their host galaxy, providing an indirect link between the two events. These results
would suggest that some type Ic progenitor analogues in low-metallicity environments
tend to explode as broad-lined Ic SNe, that are accompanied by a long-GRB, rather
than a type II SNe.
13
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Figure 1.4 Schematic SN LCs (Filippenko 1997).
SECTION 1.6
Supernovae Light Curves
The light curve (LC) of a supernova acts a signature of the energy released during the
event (see Figure 1.4 for schematic light curves), and correct modelling of photometric
and spectroscopic data can provide information of the progenitor mass and radius, the
amount of mass ejected during the supernova and the amount of nickel produced during
the explosion.
As the shock-wave erupts from the surface of the star, electromagnetic radiation
is created, initially as a UV flash (or soft X-rays). The matter is highly ionised and
electron scattering causes the stellar material to become opaque. As the material ex-
pands the surface area increases, causing a rise in the LC. The peak in the LC occurs
as the temperature in the outer layers starts to decrease as the material expands and
the diffusing radiation is cooled. Numerous early peaks that have been attributed to
the shock-heated, expanding envelope including: type IIP SN 1987A (Early peaks in
optical LCs: Hamuy et al. 1988, and P Cygni-like feature around 1500A˚ in UV light
echo off of a dust cloud ∼ 300 pc from the SN: Gilmozzi & Panagia 1999); type
14
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Figure 1.5 Type IIP SN 2004et along with several other type IIP SNe (Sahu et al.
2006). The length of the plateau phase corresponds to the time it takes for the hydrogen
recombination wave the propagate through the dense stellar envelope. Afterwards the
LC is powered purely by the radioactive decay of cobalt.
IIb SN 1993J (Early peak in optical light curves: Wheeler et al. 1993, Schmidt et
al. 1993, Richmond et al. 1994, Lewis et al. 1994); type Ibc SN 1999ex (early op-
tical peaks: Stritzinger et al. 2002); type IIP SNe SNLS-04D2dc & SNLS-06D1jd
(UV-flash: Gezari et al. 2008); type IIP GALEX supernova SNLS-04D2dc (UV-flash:
Schawinski et al. 2008); type IIn PTF 09UJ (UV-flash: Ofek et al. 2010); and type IIP
SN 2010aq (early UV & optical peaks: Gezari et al. 2010).
For type IIP SNe (or any supernovae with an extended envelope of hydrogen),
the plateau commences as hydrogen-rich zones expand and cool at temperatures T ≤
5500 K. For typical densities, hydrogen recombines and releases trapped radiation.
This recombination wave propagates inward in radius maintaining an approximately
constant effective temperature. All the while the star is continuously expanding, the
photosphere recedes deeper into the star and successive regions cool to the temperature
of recombination. Since this temperature remains almost constant as the photosphere
propagates through the hydrogen envelope, a plateau is created in the LC. The length
of the plateau depends on the depth of the hydrogen envelope, and stars with smaller
radii will have shorter and fainter plateaus.
After the hydrogen has recombined, the electromagnetic display from the energy
15
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Figure 1.6 Bolometric LC of SN 2002ap (Vinko´ et al. 2004) which is an energetic,
broad-lined Ic SNe. The solid line is the analytical model of Vinko´ et al. (2004) while
the dotted line shows the rate of energy input by the decay of nickel into cobalt and
cobalt into iron.
deposited from the shock-wave quickly declines. The observed LCs are now powered
solely by the radioactive decay of Ni-Co-Fe. Decay of Ni into Co deposits roughly
6× 1048 erg/(0.1 M�) (Woosley, Heger & Weaver 2002) with a half-life of 6.1 days.
The further decay of Co into Fe produces roughly 1049 erg/(0.1M�) with a half-life of
77.3 days. Most of the energy from nickel decay goes into accelerating the expansion
of the interior of the supernova, with very little escaping. However, the decay of Co
into Fe is much more significant. In Red Super-Giants cobalt decay is seen as the
radioactive tail while in bluer stars (e.g. 1987A) cobalt decay dominates the LC from
an early time (> 20 days) and is responsible for the peak. For massive stars that still
retain a small hydrogen envelope, a brief plateau merges into the cobalt-powered tail,
producing the type IIL SNe LCs.
In stripped-envelope SNe (i.e. types Ib and Ic) nickel and cobalt decay powers
the entire LC. Since the stellar progenitor has lost its hydrogen (Ib) and helium (Ic)
envelopes, there is no plateau in the LC. Owing to the small progenitor radius (∼ 1 R�)
the breakout transient is brief, faint and hard. The subsequent LC is then powered
entirely by radioactivity, similar in this respect to type Ia SNe. The light curves of type
Ib SNe are consistent with the production of ∼ 0.15 M� of nickel (Woosley, Heger &
Weaver 2002), which is about a quarter of that produced in type Ia events. Because
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Figure 1.7 Mosaic of GRB pulses, which are available from the public BATSE archive
(http://gammaray.msfc.nasa.gov/batse/grb/catalog/).
of their larger mass and lower average velocities, type Ib SNe trap the gamma-rays
produced from cobalt decay very effectively, and in some cases their radioactive tails
may track its half-life (e.g. Clocchiatti & Wheeler 1997). The LCs of type Ic SNe are
very similar to type Ib SNe, with their main observational differences due to different
spectral features.
SECTION 1.7
Gamma Ray Bursts
More than forty years have passed since the serendipitous discovery of gamma ray
bursts (GRBs) by USA military spy satellites (which were designed to detect gamma
radiation emitted by the detonation of nuclear weapons in space, and thus contravening
the Limited Nuclear Test Ban Treaty). Though GRBs were originally detected in the
late 1960s, their existence was not made public until 1973 (Klebesadel et al. 1973;
Strong et al. 1974). During the following decades many theories were developed to
explain the nature of the progenitors of GRBs, sparking passionate debates regarding
whether they occur at cosmological distances or within our galaxy/galactic halo. For
many years the latter explanation was preferred due to the almost impossible energies
implied if they did originate from other side of the universe.
No two gamma ray bursts are the same, and the high-energy, gamma-ray emission
can last from a few milliseconds to thousands of seconds. Some pulses are smoother
and exhibit little variability, while others consists of many sharp spikes. GRBs oc-
cur at random locations in the sky, and it was shown in the 1990s, with the Burst
and Transient Source Experiment (BATSE) aboard the NASA satellite the Compton
Gamma Ray Observatory, that GRBs are isotropically distributed in the sky, and thus
probably located at cosmological distances (Meegan et al. 1992). Using the same
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data collected by BATSE, it was shown that GRBs have a bimodal temporal and spec-
tral distribution (Kouveliotou et al. 1993) and can be roughly grouped/classified as
either: (1) Short, Hard Bursts (S-GRBs) having a burst duration < 2 s and a harder
spectrum, or (2) Long, Soft Bursts (L-GRBs) with a burst duration > 2 s and a softer
spectrum. Although the exact nature and number of sub-classes is still debatable (for
example, X-Ray Flashes, or XRFs, are thought to be low-energy “cousins” of long,
soft GRBs, with even softer spectra but durations similar to long, soft GRBs), there
is general agreement that short, hard GRBs are a distinctly different sub-class to long,
soft GRBs. Recently, additional evidence for a distinction between these sub-classes
has come from an investigation of an energy-dependent pulse delay/lag in the time
histories of short GRBs (e.g. Norris et al. 2010), for which none was found. This is
in contrast to long, soft GRBs for which a delay is clearly observed (NB: by defini-
tion, a positive spectral delay/lag occurs when high-energy photons arrive before the
low-energy ones).
Great strides in understanding the GRB phenomena were made in 1997, which
proved to be a landmark year thanks to the launch of BeppoSAX, an Italian-Dutch
satellite. BeppoSAX was constructed with an X-ray telescope that, once a GRB was
detected, could precisely localize an afterglow at X-ray wavelengths (to within a few
arc-seconds) and relay the afterglow position to ground-based telescopes. This was first
done successfully for GRB 970228, which lead to the first detected optical afterglow
(Costa et al. 1997), and heralded the start of the “Afterglow Era”.
A fewmonths later the redshift of GRB 970508 was measured (z= 0.835, Metzger
et al. 1997), finally proving beyond doubt that GRBs lie at cosmological distances.
The same burst also proved to be important for understanding the physical processes
that occur during and after a GRB. Radio emission for GRB 970508 was detected, and
initially showed large interstellar scintillation that was later suppressed. This presented
clear evidence of superluminal expansion of the ejecta that produced the GRB (Frail et
al. 1997).
Substantial progress regarding the nature of GRB progenitors was made the next
year when GRB 980425 was spectroscopically & photometrically linked with type Ic-
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Figure 1.8 Anatomy of a GRB. A GRB can be loosely broken down to five main com-
ponents: (1) the progenitor, (2) the central engine, (3) the outflow properties, (4) the
prompt emission, and (5) the long-lasting afterglow. Original cartoon was first pub-
lished in Scientific American, Gehrels et al., Dec. 2002.
BL SN 1998bw (Galama et al. 1998). This was the first direct evidence for the Gamma
Ray Burst-Supernova (GRB-SN) connection, which was predicted by theory contem-
poraneously with the first GRB detection in the 1960s (Colgate 1968). This discovery
was further advocated in 2003 with the discovery and spectroscopic & photometric
links between GRB 030329 / SN 2003dh (Stanek et al. 2003, Hjorth et al. 2003) and
GRB 031203 / SN 2003lw (Malesani et al. 2004). These three bursts provided clear,
irrefutable evidence that the progenitors of some, if not all long, soft GRBs, are due to
the explosion of a massive star resulting in a very energetic, type Ic supernova.
SECTION 1.8
Anatomy of a GRB
The production of a burst of gamma rays is largely independent of the progenitor. In
Section 1.9 the most widely-accepted progenitors models for short and long GRBs will
be presented, while in this section we will look at the physical scenario that leads to
the production of a GRB.
The physical processes that ultimately lead to the production of a GRB are dis-
played in Figure 1.8, and can be loosely broken down into: (1) the progenitor, (2) the
central engine, (3) the outflow properties, (4) the prompt emission, and (5) the long-
lasting afterglow.
A general picture has been developed over the past of couple decades, with the
most widely-accepted physical model for GRB-production being the “Fireball Inter-
nal/External Shock Model” (see Piran 2004 for an extensive review), where the initial
GRB and subsequent afterglow radiation is created by the dissipation of collisionless
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internal (prompt emission) and external (long-lasting X-ray, optical & radio afterglow)
shocks. This model is largely independent of the true nature of the exact progenitor,
and only requires that an extremely large amount of energy is deposited into a very
small volume of space. This then inevitably leads to the production of a highly ener-
getic and relativistic outflow that eventually interacts with the surrounding medium.
In the model, fireball shells are ejected by the central engine and propagate away
from the central engine. Multiple shells are ejected with different energies and moving
at different (relativistic) velocities. The interaction of overtaking shells causes them
to heat up via “internal” shocks (Rees & Mesz´aros 1994; Paczyn´ski & Xu 1994),
ultimately leading to the production of gamma rays, which is termed the “prompt
emission”. The emitted radiation is not thermal, and is usually attributed to being
synchrotron (e.g. Rees & Mesz´aros 1992; Mesz´aros & Rees 1993), though additional
processes such as inverse Compton radiation might also contribute to the observed
gamma-ray radiation. Electrons in the shock-heated outflow are accelerated and then
cool, radiating their energy in the form of synchrotron radiation. The transient, and
long-lived afterglow that is observed at all wavelengths fromX-ray to radio is attributed
to the interaction of the relativistic outflow with the surrounding medium. “External”
shocks are created and the electrons in the shocked material radiate their gained energy
as synchrotron radiation.
Although the launch of the Swift satellite has revealed many complexities of GRB
behaviour that are not yet adequately explained, a large fraction of GRB behaviour is
explained by attributing the radiation to being synchrotron in origin. This assumption
explains the temporal and spectral power-law behaviour of the GRB afterglows, where
the observed flux is related to the frequency and time by fn ,t µ n−b t−a .
The central engine that is produced either by the collapse of a massive star (long,
soft GRBs) or from the merger of binary compact objects (short, hard GRBs) is likely
to be a compact object such as a rapidly rotating neutron star (NS) or a black hole (BH)
that accretes material from a debris disk.
Many current models propose the presence of a stellar black hole of several solar
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Figure 1.9 GRB 060729 (Grupe et al. 2007). A plateau phase is seen in the X-ray and
optical LCs up to ∼ 105 s, and is explained by Xu et al. (2009) as the consequence of
prolonged energy injection by a millisecond magnetar.
masses that accretes material from a debris disk/torus at a rate of 0.01−10M� s−1 (e.g.
Popham et al. 1999). One advantage of these models is that BH-accretion is known
to produce relativistic jets in other systems such as Active Galactic Nuclei (AGN)
and micro-quasars. The millisecond magnetar model (see below) is another popular
central engine candidate. In this scenario, the reservoir of rotational energy of the
rapidly-spinning magnetar is in the range required for GRB-production, and the winds
produced by the newly-formed magnetar are highly relativistic. The advantage of these
types of models is due to the physics of these scenarios being well understood, though
the total energy left to power a GRB and a supernova is less than that for BH central
engines.
Regardless of the model invoked, one outcome of many years of observing GRBs
has been the realization for the need of prolonged central engine activity to explain
many observations. That is to say, the need for energy injection into the fireball that
continues for time-scales much longer than the prompt emission. Observationally, this
manifests itself as highly-variable, early-time LCs, such as X-Ray Flares, as well as
LC “plateaus” (e.g. GRB 060729, Grupe et al. 2007; Xu et al. 2009; see Figure
1.9). The millisecond magnetar model provides a natural explanation for prolonged
central engine activity via the strongly-magnetized winds, while extended episodes of
fall-back of material onto a central BH can also provide prolonged energy injection
into the expanding fireball.
A key ingredient of all models is that the material/outflow responsible for GRB
production must be moving relativistically. This is a consensus of all models. The
argument requiring relativistic motion is for a low optical depth for two-photon pair
production (gg → e−e+). If one considers the size of the emitting region, one might
naively expect (without relativistic motion) the emission area to be cd t (where d t is the
observed time-scale of the prompt emission). If a fraction of the emitted photons pos-
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Figure 1.10 GRB 030226 (Klose et al. 2004). An achromatic break is seen in the
optical and infrared LCs that is attributed to the sideways expansion of the jet. Inset:
cartoon of the effect that the sideways expansion of the jet has on the optical LC.
Original cartoon was first published in Science, February 2002.
sess energies higher than the two-photon pair production threshold, the optical depth
is very large, implying that all of the gamma rays should be attenuated before reach-
ing the earth (see Zhang & Mesz´aros 2004 for a detailed calculation). This apparent
paradox is referred to as the “compactness problem” and can be overcome in two ways
by requiring that the emitting material be moving relativistically. First, if the emitting
region is moving relativistically towards the observer, the photon energy is blue shifted
so that the observed gamma-rays are emitted as X-rays in the co-moving frame, and
thus drastically reducing the amount of photons above the pair production threshold.
A second effect is that the real physical size of the emitting region is larger by a factor
of G2, where G is the bulk Lorentz factor of the outflow.
Like other high-energy phenomena such as AGNs, it is widely accepted that the
gamma ray and afterglow emission is collimated (i.e. “beamed” into a jet). The ob-
served evolution of X-ray and optical LCs often displays achromatic breaks that are
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Figure 1.11 Cartoon of the likely progenitors of long and short duration GRBs. Short
GRBs are thought to arise from the merger of binary compact objects such as NSs
and/or BHs. Long GRBs are thought to be produced during the collapse of a massive
star. Image courtesy of http://hubblesite.org.
attributed to the jet-like geometry of the outflow (e.g. Rhoads 1999; Sari et al. 1999;
see Figure 1.10). The break is explained by the deceleration of the collimated outflow,
which slows down to a point where the jet expands sideways. The expansion of the
jet causes more radiation to be emitted away from the line of sight, causing a break
in the observed LC due to the detection of less photons. In addition, the implication
that GRBs are beamed relaxes the total energy emitted by a factor of q22 , where q is
the opening angle of the jet, and also implies that the true rate of GRBs throughout the
universe is substantially larger than once thought (Frail et al. 2001).
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SECTION 1.9
GRB Progenitor Models
1.9.1
Short GRBs
Due to the sparseness of observational data of short, hard GRBs, progress towards
understanding their progenitors has been limited. In 2005 a breakthrough occurred
following the detection of the first short GRB afterglows (e.g. Gehrels et al. 2005;
Castro-Tirado et al. 2005) following their detection by Swift and HETE-2. Detections
of short GRB afterglows led to observations of the host galaxies (and measurements
of the host redshifts) in which this sub-class of GRBs occur. Observations of short
GRBs have established that they are cosmological relativistic sources that do not arise
from the collapse of massive stars, and most likely arise from a different physical
phenomena (Nakar 2007).
One of the big open questions regarding GRB phenomenology is the nature of the
progenitors of short GRBs and the processes that lead to the formation of the GRB
and the central engine (Nakar 2007). Observations of the environments of short GRBs
(see below) have led to recent developments in the progenitor models. The leading
progenitor model describes the coalescence of compact binary objects, such as a binary
neutron star or a neutron star-BH binary system. The merger of compact objects was
first proposed in the 1980s as a possible progenitor of GRBs (e.g. Blinnikov et al.
1984; Pacz´ynski 1986; Goodman 1986; Eichler et al. 1989) and developed further by
other groups (Narayan et al. 1992; Pacz´ynski 1991; Mochkovitch et al. 1993).
Binary mergers are natural candidates as they occur at reasonable rates and the
amount of energy that is liberated is large enough to power a GRB. Additionally, in
current models the central engine that is formed is similar to that in long GRBs (i.e. an
accreting BH). The similarity in the central engines partially explains the similarities
in the observational properties between the two classes of GRBs. It is interesting to
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note that the duration of the GRB is governed by the lifetime of the accretion disk, with
the disk formed via merging binaries being consumed in a fraction of a second, while
in the collapsar model (see below) in-falling material from the collapsing star feeds the
disk for a longer time.
1.9.2
Long GRBs
Due to the vast amounts of observational data, much more progress has been made to-
wards understanding the progenitors that give rise to long, soft GRBs. The most popu-
lar models (see Woosley & Bloom 2006 for an extensive review) fall under the general
banner of “Massive Star Models”, with the leading candidates being: (1) the Collapsar
Model (Woosley 1993; MacFadyen & Woosley 1999) and (2) the Millisecond Mag-
netar Model (e.g.Usov 1992; Thompson 1994; Mesz´aros & Rees 1997; Wheeler et al.
2000).
Collapsars
To form a “collapsar”, it is necessary to form a BH in the middle of a massive star
with sufficient angular momentum to form an accretion disk. The required angular
momentum is at least that of the last stable orbit around a BH of several solar masses.
Providing a disk and BH form, the greatest uncertainty in this model is the mecha-
nism for turning the binding energy of the disk (or BH rotational energy) into beamed
relativistic outflows (Woosley & Bloom 2006). The most likely mechanisms are neu-
trinos (e.g. Woosley 1993; Popham et al. 1999), magnetic instabilities in the disk (e.g.
Blandford & Payne 1982; Proga et al. 2003) and magneto-hydrodynamic extraction of
the rotational energy of the BH (e.g. Blandford & Znajek 1977).
In the collapsar model the GRB and SNe derive their energies from different
sources. The nickel that powers the supernova is produced by a disk “wind” (e.g.
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MacFayden & Woosley 1999; MacFadyen 2003) with a velocity of ∼ 0.1 c. A GRB is
produced when roughly 1 M� of material accretes onto the BH and gets ejected. The
material is ejected into a jet, with the nickel created in the outflow being ejected in a
larger jet surrounding the ejecta that leads to a GRB (though nickel can also be created
at other angles during the explosion).
A prediction of the collapsar model is that the central engine remains active for
a time much longer than the duration of the GRB, and may contribute to the GRB
afterglow at later times (e.g. Burrows et al. 2005). This is because the jet and disk
wind are inefficient at ejecting all of the material, and some falls back and accretes
onto the BH at later times (MacFadyen et al. 2001).
Millisecond Magnetars
The millisecond magnetar model has been developed by many groups (e.g. Usov 1992;
Thompson 1994; Mesz´aros & Rees 1997; Wheeler et al. 2000; Drenkhahn & Spruit
2002; Lyutikov & Blackman 2001; Lyutikov & Blandford 2003). The general idea
is that the energy source for GRB production comes via the rotational energy of a
highly-magnetised neutron star with an initial period of ∼ one millisecond (i.e. rotat-
ing near breakup). For the expected rotational velocity and magnetic field strengths,
it is expected that there is enough energy available to power a GRB as well as an ac-
companying supernova. The strengths of such models arise from the relation between
GRBs and known objects such as neutron stars, as well as energy scales that are about
right for a neutron star rotating near breakup. Further developments are still needed
however to explain how accretion can be reversed so as to not form a BH (e.g. Fryer
& Warren 2004).
26
1. Introduction
SECTION 1.10
Environments of GRBs
1.10.1
Short GRBs
The environments/host galaxies of short GRBs provide clues to their progenitors. Short
GRBs occur in both early- and late-type galaxies as well as field and cluster galaxies
(Nakar 2007). This is in contrast to host galaxies of long, soft GRBs that occur mostly
in small, blue, irregular, star-forming galaxies. It is also seen that the specific star
formation rate of the host galaxies of short GRBs are much lower than that seen for
long GRBs, with the latter having ∼ 10M� yr−1 (L/L∗)−1 (e.g. Christensen, Hjorth
& Gorosabel 2004), and the former having ≤ 1M� yr−1 (L/L∗)−1 (e.g. Nakar 2007).
(NB: L∗ is a characteristic galaxy luminosity. An L∗ galaxy is a bright galaxy, roughly
similar to the luminosity of the Milky Way. A galaxy with < 0.1L∗ is a dwarf). The
differences in the environments of short and long GRBs are a main reason for believing
that they arise from different physical phenomena.
Short GRBs that occur in early-type galaxies are highly likely to be associated
with old stellar populations, and even the presence of short GRBs in late-type galaxies
does not necessarily imply that they arise from younger progenitors. For example, the
host galaxies of short GRBs 050709 & 051221 (Covino et al. 2006; Soderberg et al.
2006, respectively) both showed evidence for a considerable population of stars older
than ∼ 1 Gyr, while for short GRB 050709 (Fox et al. 2005), though it occurred in a
late-type galaxy, it was shown that it was not associated with any of the star-forming
regions within the galaxy.
The offset of the occurrence of short GRBs from the host centres also supports
the notion that short GRBs arise from different progenitors than long GRBs. In a
recent paper by Fong et al. (2010), the authors exploited HST observations of 10 short
GRB host galaxies, finding that on average, short GRBs occur f ive times further away
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from the apparent centre of the host galaxy than long GRBs. The increased offset is in
agreement with expectations that short GRBs arise from the merger of compact objects
such as NS-NS or NS-BH that merge very far from where they originated. By the time
a binary neutron star merges it has travelled many kpc from its origin, having acquired
a large velocity as a consequence from two SN explosions (Paczyn´ski 1998). This is
in contrast to the massive progenitors of long GRBs, which given their much shorter
lifespans (∼ 5−10 Myr), do not travel very far from their birth place. However, since
host galaxies have only been found for roughly 50% of short GRBs detected by Swift,
the sample of short GRBs likely suffers from selection effects.
1.10.2
Long GRBs
Long, soft GRBs are found almost entirely in blue, dwarf, irregular galaxies that are
undergoing star-formation. There is also spectroscopic evidence that typical GRB host
galaxies are perhaps forming stars at a higher rate per unit mass than field galaxies (e.g.
Djorgovski et al. 2001; Christensen Hjorth & Gorosabel 2004). While most GRB hosts
are small and blue, a few nearby XRFs and GRBs have been found in spiral galaxies
(e.g. GRB 980425), and they have been found to occur near or in the star-forming
regions of the host galaxy. It has also been seen that long GRBs occur preferentially in
regions of highest surface brightness of the host galaxy (Fruchter et al. 2006), which
is similar to that observed for type Ic SNe (Kelly et al. 2008), thus providing another
indirect connection between the two events.
A theoretical expectation is that the progenitors of GRBs have a lowmetal content.
Mass-loss in massive stars comes via line-driven winds, and as mass-loss also removes
angular momentum (which is needed to power a GRB), one early prediction was that
GRBs arise from progenitors with low metallicity. Indeed low metallicity has been
observed for several local long GRB sites (e.g. Sollerman et al. 2005; Stanek et al.
2006; Modjaz et al. 2008), as well as more distant host galaxies (e.g. Fynbo et al.
2003; Gorosabel et al. 2005; Fruchter et al. 2006). A recent paper by Savaglio et
28
1. Introduction
al. (2009) found evidence for sub-solar metallicity of 17 host galaxies of long GRBs,
with an average metallicity of 16 solar. Additionally, the SNe that accompany long
GRBs also have a lower metal content than broad-lined Ic (Ic-BL) SNe, which is an
interesting result as Ic-BL SNe have most of the requirements for becoming a GRB
such as large stellar mass, loss of hydrogen envelope, and asymmetry.
It has also been observed that a large fraction of the host galaxy systems have
either recently undergone, or are currently undergoing some interaction with a neigh-
bouring galaxy (e.g. GRB 970828, Djorgovski et al. 2001; GRB 060923A, Tanvir et
al. 2008; GRB 051022, Graham et al. 2009; see also Wainwright et al. 2007 for a
review). It is known that galaxy-galaxy interactions are known to trigger intense pe-
riods of star-formation (e.g. Joseph et al. 1984) as well as producing a wide-range in
galactic morphology, as observed by Conselice et al. (2005).
1.10.3
Dark GRBs
Only a few months after the detection of the first optical afterglow in 1997, the dis-
covery of GRB 970828 (Groot et al. 1998) showed that not all GRBs have an optical
afterglow. Since then it has been noted that as many as 50% of all GRBs do not have
an optical or infrared afterglow, and are termed “dark GRBs”. It seems that there is not
a single reason for the occurrence of dark bursts, but several, including: (1) heavy dust
extinction in the region or along the line of sight of a GRB (2) instrument detection
limits (either slow response or too faint to be detected) (3) intrinsically faint GRBs,
and (4) high-redshift bursts, where photons redshifted into the optical passbands are
absorbed by neutral hydrogen in the host galaxy and inter-galactic medium.
Countless papers have explored these issues, and have come up with ways to
classify a burst as dark (e.g. Jakobsson et al. 2004, Van Der Horst et al. 2009). More
often then not, dust obscuration is indicated as a main cause for the non-detection of
a GRB at optical wavelengths (e.g. Piro et al. 2002, Perley et al. 2009, Pellizza et
al. 2006, Nakagawa et al. 2006, Djorgovski et al. 2001). In cases where the host
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galaxy was identified and observed it was generally found that dust and molecular
clouds are unevenly distributed around the progenitor (Perley et al. 2009, Reichart &
Price 2002, Piro et al. 2002). Such clouds can obscure light coming from an optical
afterglow, leading to their non-detection on earth. Dark GRB host galaxies have also
been detected as very red in colour, (e.g. GRB 020127, Berger et al. 2007; GRB
030115, Levan et al. 2006) giving further indications of the dusty nature of GRB host
environments.
The effect of galaxy-galaxy interactions also adds to the amount of obscuring
material between the GRB and earth, as it is seen that interactions between galaxies
strip large amounts of gas & dust from the dust layers in the galactic centers and can
create long streams of material between galaxies, as seen in the host galaxy system of
GRB 970828 (Djorgovski et al. 2001).
However, extinction by dust is not the only cause of dark GRBs. The dark na-
ture of GRB 051022 (Castro-Tirado et al. 2007) and GRB 000210 (Gorosabel et
al. 2003) could not be explained by dust, where low values for rest-frame and fore-
ground extinction were derived. Neither did these events occur at a high redshift (GRB
051022: z=0.809; GRB 000210: z=0.842), where the optical flux would be absorbed
by intergalactic neutral hydrogen. Thus, these bursts could imply a separate class of
intrinsically-faint GRBs, as supported by the conclusions of the analysis of dark GRB
051028 (Urata et al. 2007) and dark GRB 060108 (Oates et al. 2006).
SECTION 1.11
The GRB-SN Connection
To date a large and convincing amount of direct and indirect data have been obtained
that provide a connection between long, soft GRBs with a unique sub-class of stripped-
envelope, core-collapse Ibc SNe. To date, all of the spectroscopically-connected GRB-
SNe have been of type Ic-BL. However the converse is not true as there are many Ic-BL
SNe that have not had an accompanying GRB-trigger.
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1.11.1
Direct Evidence
The first direct connection between a long GRB and a Ic-BL SNe came in 1998 when
SN 1998bw was seen to occur both spatially and temporally coincident with GRB
980425 (Galama et al. 1998). Spectroscopy of SN 1998bw reveals broad emission
lines indicative of material moving at velocities as high as 60,000 km s−1 a couple of
days after the burst, and at velocities ∼ 20,000 km s−1 near peak.
However, there was a lot of controversy surrounding the nature of GRB 980425
in relation to other GRBs observed to date. The high energy emission of GRB 980425
was significantly less than was observed for “cosmological” GRBs. For GRB 980425,
which occurred in a nearby, late-type galaxy (z = 0.0085, Tinney et al. 1998) it is
estimated that the isotropic emission in gamma-rays is ∼ 1× 1048 erg (Amati 2006),
whereas for a “typical” GRB, the isotropic emission is usually in the region of ∼
1051− 1053 erg. Thus GRB 980425 was under-luminous by a factor of 100− 1000!
It was suggested at the time that perhaps GRB 980425 was not representative of the
general cosmological GRB population, but rather was a sub-class of GRB that occur
only in the local universe.
A long, five-year wait ensued until 2003, when SN 2003dh was seen to coin-
cide with low-redshift (z=0.1685; Greiner et al. 2003) GRB 030329 (Hjorth et al,
2003; Stanek et al. 2003; Matheson et al. 2003). Spectroscopy clearly showed that
SN 2003dh was a Ic-BL SN, and it was observed that the isotropic gamma-ray emission
was typical of other long GRBs (∼ 1.7×1052 erg; Amati 2006). Thus the “smoking-
gun” observation that connected cosmological, long GRBs with the collapse of massive
stars has been made.
To date five GRBs and XRFs have been spectroscopically connected to Ic-BL
SNe: GRB 980425 & SN 1998bw (Galama et al. 1998; Patat et al. 2001), GRB
030329 & SN 2003dh (Hjorth et al. 2003; Stanek et al. 2003; Matheson et al. 2003),
GRB 031203 & SN 2003lw (Malesani et al. 2004), XRF 060218 & SN 2006aj (Pian
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Figure 1.12 GRB 030329: Left: R-band LC. The dashed line displays the rate at which
the afterglow fades, as determined from the optical spectra of Matheson et al. (2003).
The dotted line displays light coming from a 1998bw-like SN. The solid, red line is the
sum of flux coming from the afterglow and the 1998bw-like SN. Right: Sequence of
optical spectra. Early epochs reveal flat spectra, indicative of light coming from an af-
terglow, however the emergence of SN features after several days proves the existence
of the accompanying SN (Matheson et al. 2003).
et al. 2006; Mazzali et al. 2006b) and XRF 100316D & SN 2010bh (Starling et al.
2011; Chornock et al. 2010; Cano et al. 2011). For each of these events spectroscopic
observations provide irrefutable evidence of an accompanying SNe with the GRB.
Additional evidence for the presence of an accompanying SN to a long GRB are
the photometric observations of “red bumps” in optical and infrared LCs. A red bump
was seen in the LC of GRB 980326 (Bloom et al. 1999) and was interpreted as due to
a coincident SN at a redshift of ∼ 1. Many other SN bumps were observed for other
GRB and XRF events such as GRB 041006 (Stanek et al. 2005) and XRF 020903
(Bersier et al. 2006). In the latter case, in addition to the red, SN bump, a curved
broadband spectrum was presented of the SN, which was similar in shape (though with
less curvature) to SN 1998bw at a similar epoch, thus giving two lines of photometric
evidence for an accompanying SNe with the XRF.
The observations made to date have shown that the SN that accompany long GRBs
32
1. Introduction
Figure 1.13 GRB 041006: “Bumps” are seen in the R-band LC, which is attributed to
light coming from an accompanying supernova (Stanek et al. 2005).
are quite unique. Spectroscopy has shown through the absence of hydrogen lines that
all are type Ic, and the broad spectral features that indicate ejecta moving at velocities
near 0.1c at peak light indicate that the SNe are of sub-type Ic-BL. It has also been
shown through spectroscopy and photometric modeling that large amounts of nickel
are created during the explosion, e.g. in SN 1998bw it is expected that ∼ 0.4−0.5M�
of nickel was created. This is of order the amount of nickel created in Ia SNe, and
more than is typically measured for other ccSNe.
Another distinguishing feature is that GRB-SNe have a large amount of the explo-
sion energy concentrated into relativistic ejecta. Quite interestingly and crucially, this
does not necessarily require that the accompanying SNe need to be optically bright or
even exceptionally energetic (e.g. SN 2006aj; Mazzali et al. 2006), though some quite
clearly are (e.g. SN 1998bw & SN 2003dh). It also allows for the existence of SNe
powered by a similar energy source (i.e. a BH with an accretion disk) but without a
GRB trigger. But to produce the GRB as much energy that is released in the supernova
ejecta must also be available for the gamma-rays and the afterglow.
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Figure 1.14 XRF 020903: Left: “Bumps” are seen in the R-band LC. Right: The
curved SED of XRF 020903 resembles that of GRB-SN 1998bw at a common epoch,
albeit with less curvature. Both of these observations provide strong evidence for light
coming not only from a GRB afterglow, but also from a supernova (Bersier et al. 2006).
1.11.2
Indirect Evidence
Before the connection between GRB 980425 & SN 1998bw, observations of the lo-
cations of GRBs 970228, 970508 and 970828 in star-forming regions of their host
galaxies led Pacyzn´ski (1998) to suggest that the progenitors of long GRBs are mas-
sive stars and are not formed via the merger of compact objects. As binary neutron
stars will be ejected to distances far from their birth places, the association of long
GRBs with star forming regions is highly suggestive that the progenitors are massive
stars that shine very brightly and use their fuel very rapidly. Their short lifespans do
not allow the progenitors to travel very far during their lifetime and thus they explode
very close to the site where they were formed.
Bloom et al. (2002) showed, with a sample of 20 long GRBs, that the median
offset from the centre of their host galaxies was only 1.7 kpc. The authors also showed
that there was a strong connection between the position of the GRB location within
the UV light of the host galaxies, thus providing another clue between long GRBs and
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massive stars.
Fruchter et al. (2006) showed via high-resolution HST observations that long
GRBs preferentially occur in regions of highest surface brightness of their host galax-
ies. Kelly et al. (2008) furthered this result to show that Ic SNe also occur in the
brightest locations of the host galaxies, thus providing an interesting, indirect link be-
tween the two events, as well as implying that GRB-SNe and Ic SNe arise frommassive
progenitors.
1.11.3
Non-detections
The growing wealth of GRB-SN associations have led many astronomers to wonder if
all long GRBs have an accompanying optically-bright SN. However in 2006, despite
many observing campaigns to find accompanying SNe, none were found for nearby
long GRBs 060505 and 060614 (e.g. Fynbo et al. 2006). While both were located cos-
mologically nearby (GRB 060505: z=0.089, Ofek et al. 2007; GRB 060614: z=0.125,
Gal-Yam et al. 2006, Della Valle et al. 2006a), the dedicated observing campaigns did
not detect any light from an accompanying SN. While it now generally accepted that
GRB 060614 is likely to be a short GRB (Norris et al. 2010), the cause of the non
detection of an optically-bright SN with GRB 060505 is still debated. Some authors
debate that GRB 060505 may be a short GRB (e.g. Ofek et al. 2007), while other
authors surmise that the accompanying SN was simply optically faint (e.g. Della Valle
et al 2006a).
Despite these non-detections, the general consensus is still that all long GRBs
are formed during the collapse of a massive star. Whether or not an optically bright
SN is seen after the initial GRB is perhaps not a problem as there are several reasons
why a SN may not be seen. We have already discussed in Section 1.3.3 the existence
of very faint ccSNe such as SN 2008ha that have very faint peak magnitudes (MV =
−14.2). Valenti et al. (2008) claim that SN 2008ha, which is a faint and hydrogen-
poor SN, is the result of a weak core-collapse explosion (though see Foley et al. 2009,
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2010 who claim that SN 2008ha is a thermonuclear explosion). Similar faint peak
magnitudes were seen for type II SNe 1997D and 1999br (Zampieri et al. 2003),
which is indicative of very small amounts of nickel being created during the explosion.
The authors conclude that these events were under-energetic with respect with other
type II SNe. Despite these events arising from massive progenitors that ejected a large
amount of material, the faint nature of the SN is due to significant fallback of material
onto the BH remnant.
Thus observations show that it is possible to have faint ccSN, with corresponding
low amounts of nickel and low explosion energies. Theory also suggests that optically-
faint SN should occur (e.g. Tominaga et al. 2007). The available energy in these events
would be very small, and perhaps either just enough or not even enough to overcome
the gravitational potential, thus material that would normally be expelled to power the
optically-bright SN instead falls back onto the central object (i.e. NS or BH).
Additionally, other factors may also contribute to the non-detection of an accom-
panying SN such as dust extinction (either foreground or rest-frame) and high redshift.
Some events such as GRB 090417B (Holland et al. 2010) at z = 0.345 have shown
that very large amounts of rest-frame dust exists for some events (AV ≥ 12 mag). Such
dust can obviously extinguish light coming from a SN (this effect is more profound
at shorter/bluer wavelengths and less so at longer/redder wavelengths). Large redshift
also limits the distance to which an accompanying SN can be detected. It has been
possible to infer the existence of an accompanying SN to a GRB up to redshift unity
(e.g. GRB 080319B: z=0.937; Vreeswijk et al. 2008). Tanvir et al. (2010) showed
that SN bumps are present in the optical and infrared LCs of GRB 080319B. How-
ever beyond these redshifts it is very hard to detect light from a GRB-SN because the
peak light is too faint to be detected by modern instrumentation. Host brightness can
also contaminate SN light at late times, though image subtraction methods can usually
overcome this problem.
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SECTION 1.12
Thesis Outline
1.12.1
The GRB-SNe Connection
The main aim of this doctoral project is to further understanding of the connection be-
tween long, soft GRBs and XRFs and type Ic-BL SNe by determining physical prop-
erties of the progenitors and SNe of these enigmatic events.
Spectroscopically-connected events
Up to the start of 2010 there were only four GRB- and XRF-SNe that had been spec-
troscopically connected (i.e. events where SN features are unambiguously detected in
the spectra of SN that are seen to occur spatially and temporally coincident with a long,
soft GRB):
1. GRB 980425 / SN 1998bw (Galama et al. 1998; Patat et al. 2001)
2. GRB 030329 / SN 2003dh (Stanek et al. 2003; Hjorth et al. 2003; Matheson et
al. 2003)
3. GRB 031203 / SN 2003lw (Malesani et al. 2004)
4. XRF 060218 / SN 2006aj (Pian et al. 2006; Mazzali et al. 2006)
There was also the curious case of X-Ray Transient (XRT) 080109 and SN 2008D
(Soderberg et al. 2008; Mazzali et al. 2008). On the 9th of January, 2008, while
Swift was observing type Ib SN 2007uy (Nakano et al. 2008; Blondin et al. 2008)
in nearby spiral galaxy NGC2770 (z = 0.007), a bright X-Ray transient was detected
serendipitously. The subsequent power-law spectrum and LC shape of SN 2008D was
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reminiscent of GRBs and XRFs, but with a high-energy release more than two orders
of magnitude less than that detected for cosmological GRBs and XRFs (e.g. Amati
2002, Ghirlanda et al. 2004). Spectroscopy obtained by many groups (e.g. Malesani
et al. 2008) showed that the accompanying SN 2008D was of type Ib.
There was much controversy surrounding the nature of this event. The SN type
(Ib) hinted that this event may not have originated from the same type of progenitors
as GRBs and XRFs, where to date all of the accompanying SNe are of type Ic-BL.
However the nature and origin of the high-energy properties of this event are what
split opinion the most. There are two explanations in the literature for the origin of
the high-energy emission: Soderberg et al. (2008) interpret the hot, blackbody X-Ray
spectrum and early peaks in the optical LCs as being due to the shock breakout. Con-
versely Mazzali et al. (2008) attributes the emission to a “choked” jet. Interestingly, a
recent paper by Van der Horst et al. (2011) has perhaps put to rest the heated debate.
Using observations of the radio emission of SN 2008D for the first year after explo-
sion, Van der Horst et al. (2011) showed that there was no evidence of a relativistic jet
contributing to the observed radio flux, thus suggesting that the high-energy emission
was from a shock breakout and not due to a GRB- or XRF-like event. Thus, it was only
by obtaining vast amounts of observations in many decades of frequency (i.e. X-ray to
radio) that the nature of this enigmatic event was able to be ascertained.
Similarly, all of the GRB- and XRF-SNe have undergone intense scrutiny. De-
tailed optical and infrared LCs have been published for all events, as well as extensive
amounts of spectra. The observations have been used by many authors to determine
properties of the progenitors that give rise to GRB/XRF-SNe. Table 1.1 summarizes
some of the results of the detailed modeling. It is seen that the progenitors of GRB-SNe
arise from massive stars, with Zero Age Main Sequence (ZAMS) masses in the range
35−45M�. However, the sole XRF-SN is seen to arise from a less massive progenitor
(∼ 20M�). The GRB-SNe are also seen to ejecta much more mass than the XRF-SN.
Additionally, of all of the spectroscopically-connected GRB-SNe, only GRB 030329
has an energy release in gamma-rays that is similar to “cosmological” GRBs (i.e. en-
ergies ∼ 1051 − 1053 erg, and that obey the Amati Relation; Amati 2002). GRBs
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Table 1.1 Ejected Masses and ZAMS Masses of type Ibc & GRB-SNe
SN Type Mej (M�) error (Mej) MZAMS (M�) error (MZAMS) Ref.
1998bw GRB-SN 10.4 1.0 40 5 (1), (2), (3), (4)
2003dh GRB-SN 8.0 2.0 35 5 (5)
2003lw GRB-SN 13.0 2.0 45 5 (6)
2006aj XRF-SN 1.8 0.8 20 2 (7), (8)
(1) Galama et al. (1998), (2) Iwamoto et al. (1998), (3) Nakamura et al. (2001), (4) Maeda et al. (2006), (5) Deng et al. (2005),
(6) Mazzali et al. (2006a), (7) Mazzali et al. (2006b), (8) Modjaz et al. (2006).
980425, 031203 and XRF 060218 are all under-luminous in gamma-rays relative to
other GRBs, prompting many authors to suggest that they may represent a sub-class of
GRBs and XRFs in the local universe.
Supernova Bumps
While the amount of spectroscopically-connected events number only a few, many
photometric inferences of GRB/XRF-SNe have been reported in the literature. Up to
2009, the (arguably) best evidence for the detection of light coming from an accompa-
nying SNe was shown for GRB 041006 (Stanek et al. 2005) and XRF 020903 (Bersier
et al. 2006) (see Figures 1.13 and 1.14 respectively), though there are as many as 20
events that claim to detect light from a SN via late-time bumps in optical and IR LCs.
However, in many of these events the claim of the presence of a SN was limited to only
a few datapoints (e.g. Zeh et al. 2004; Ferrero et al. 2006).
While the lack of broadband photometry and spectroscopy limits what can be
determined regarding the physical properties of the progenitors in each of the events
where a SN bump has been detected, the inclusion of these events with the spectroscopically-
connected events does allow the possibility for some statistical analysis such as com-
paring LC shapes and peak brightnesses.
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Progenitor Models
As already described in some detail in Section 1.9, the leading progenitor models of
long, soft GRBs fall under the general title of “massive star models”, with the collapsar
model (Woosley 1992) the leading candidate. Within the collapsar model two types of
models that describe the collapse of a single, massive star exist, and differ only with
their inclusion or exclusion of rapid rotation. The former models have been developed
by Yoon & Langer (2005) and Woosley & Heger (2006), while the latter have been
considered by th models of Heger et al. (2003).
Rapid rotation is included in the models as a way to impart enough angular mo-
mentum to the stellar remnant and accretion disk so as to then power a GRB. A conse-
quence of the rapid rotation seen in the models of Yoon & Langer (2005) and Woosley
& Heger (2006) is that the progenitor star undergoes extensive mixing of the stellar
interior, leading to a composition that is almost completely homogeneous. This mix-
ing also means that instead of losing their outer envelope of hydrogen to strong stellar
winds (as in the case of the non-rotating models), the bulk of the hydrogen envelope is
retained and burned into helium.
1.12.2
Thesis Research
Thus to date the field of GRB-SNe stands on secure footing, though more data are
needed to determine the type of progenitors that these events arise from. Additional
information is needed about individual nearby events for which detailed photometry
and spectroscopy can be obtained, and then modeled to determine properties of the
supernova, such as ejecta mass, composition, brightness and energetics. Determining
properties of the SNe then allows astronomers to infer properties of the progenitor star.
Additional information regarding the nature of GRB/XRF-SNe can also be ob-
tained by making statistical comparisons of the existing data published in the literature,
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for which roughly 22 GRB-SNe have been detected up to 2011.
First, investigations into GRBs 060729 and 090618 are presented (Chapters 2 and
3 respectively), where we use the optical data obtained on the Faulkes Telescope South,
the Hubble Space Telescope (HST) and other telescopes to show the presence of SN
bumps in the optical LCs, with the latter providing the most detailed SN bump to date
in the literature. For these events we have determined both the shape and brightness of
the accompanying SNe.
In Chapter 4 we present our considerable optical and IR photometry of the spectroscopically-
confirmed (Chornock et al. 2010; Bufano et al. 2011) Ic-BL SN 2010bh. We use our
optical and IR photometry to construct a quasi-bolometric LC of SN 2010bh and then,
using an analytical model developed by Arnett (1982) for type I SNe, determine prop-
erties of the SN explosion including the explosion energy and ejected mass. We then
analyse the existing GRB/XRF-SN dataset to look for the presence of a possible cor-
relation between the shape and peak brightness of the LCs.
In Chapter 5 we use all of the existing photometry for the GRB/XRF-SNe, as
well as a large dataset of non-GRB Ibc SNe and compare: (1) the peak brightness of
the V -band SN LCs, and (2) the widths of the V - and R-band LCs. We use the for-
mer to test whether peak brightness can be used as a differentiating factor between
GRB/XRF and non-GRB/XRF Ibc SNe. The latter analysis is used to obtain mass ra-
tios between the different sub-classes of Ibc SNe. We then compare our results with
those obtained via modeling of photometric and spectroscopic data of GRB/XRF-SNe
and non-GRB/XRF Ibc SNe. The results of our statistical comparison are then related
to the theoretical progenitor models, where we make several tentative conclusions sur-
rounding the nature of the progenitors of GRB/XRF-SNe.
It is well worth mentioning that this thesis is heavily based in obtaining obser-
vations of GRBs if and when they occur. The author is fortunate to have joined an
established group at the Astrophysics Research Institute in Liverpool that has access
and time granted on many telescopes, including three, 2-metre robotic telescopes that
respond automatically and very rapidly to GRB alerts: the Liverpool Telescope (LT)
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in La Palma, and the two Faulkes Telescopes: South (FTS), in Australia, and North
(FTN) in Hawaii. Thus the amount of data, especially early-time data (i.e. only a few
minutes after the GRB) that has been collected has mostly been due to the fortunate
occurrence of GRB 090618 and XRF 100316D during the doctoral project, as well as
their visibility from one of these three telescopes.
Additionally, key members of the group also have time granted on larger tele-
scopes such as the 2.5m Isaac Newton Telescope (INT), the 4.2m William-Herschel
Telescope (WHT), Gemini, and HST, all of which, and especially the latter, has been
of vital importance to the impact of the results published in this thesis and in lead-
ing astrophysical journals (MNRAS and ApJ). The author is all the more grateful and
in-debted to the existence of proposals having been accepted and large amounts of
observing time available on these telescopes, which have led to the impressive LCs
shown here. The importance of being part of this GRB group is fully appreciated by
the author and should not be understated.
Finally, the photometric methods employed to obtain the data presented in this
thesis are described in detail the Appendix.
Throughout this thesis observer-frame times are used unless specified otherwise.
The respective decay and energy spectral indices a and b are defined by fn µ (t −
t0)−an−b , where t0 is the time of burst and n is the frequency. We adopt a flat LCDM
cosmology with H0 = 71 km/s/Mpc, ½M = 0.27, and ½L = 1−½M = 0.73. For this
cosmology a redshift of z= 0.54 (i.e. GRB 060729 and GRB 090618) corresponds to a
luminosity distance of dL = 3099 Mpc and a distance modulus of 42.45 mag. For XRF
100316D / SN 2010bh, which is located at a redshift of z = 0.0591, this corresponds
to a luminosity distance of dL = 261 Mpc and a distance modulus of 37.08 mag.
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GRB 060729
The Swift Burst Alert Telescope (BAT) detected the long-duration (T90 ≈ 115 s) GRB
060729 on July 29, 2006 (Grupe et al. 2006) with a remarkably bright and long-lasting
X-ray afterglow (Grupe et al. 2007; Grupe et al. 2010). The redshift was measured by
Tho¨ne et al. (2006) to be z = 0.54, and a later spectroscopic analysis by Fynbo et al.
(2009) measured the redshift to be z= 0.5428.
Foreground reddening has been corrected for using the dust maps of Schlegel et
al. (1998), from which we find E(B−V ) = 0.055 mag for GRB 060729.
The results in this chapter are based partially on observations made with the
NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Insti-
tute, which is operated by the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS 5-26555. These observations are associated with pro-
gram # 10909.
2. GRB 060729
Table 2.1 Ground-based Photometry of GRB 060729
T −To (days) Telescopea Filter Mag s (mag) Calibrated to
0.452 Prompt B 18.22 0.09 Vega
0.452 Prompt z 17.36 0.08 AB
0.481 Prompt z 17.29 0.07 AB
0.515 Prompt z 17.22 0.06 AB
0.551 Prompt z 17.49 0.07 AB
0.571 Prompt B 18.40 0.04 Vega
0.594 Prompt z 17.49 0.07 AB
1.574 Prompt z 18.43 0.17 AB
4.601 Gemini-S Rc 20.24 0.04 Vega
4.613 Gemini-S g 20.91 0.04 AB
4.626 Gemini-S Ic 19.92 0.03 Vega
4.638 Gemini-S z 20.51 0.04 AB
17.598 CTIO Rc 21.90 0.06 Vega
46.583 Gemini-S Rc 23.29 0.06 Vega
49.554 Gemini-S Rc 23.32 0.05 Vega
aTelescope key: CTIO: 4m Cerro Tololo Blanco Telescope; Prompt: 0.41m Prompt
Telescope; Gemini-S: 8.1m Gemini-South Telescope. All magnitudes have been
corrected for foreground extinction.
SECTION 2.1
Observations & Photometry
2.1.1
Ground-based Data
We obtained data with four ground-based telescopes: Panchromatic Robotic Optical
Monitoring and Polarimetry Telescopes (PROMPT), Cerro Tololo Inter-American Ob-
servatory (CTIO), Faulkes Telescope South (FTS) & Gemini-South. Two epochs of
data were taken with PROMPT ∼ 0.5 & 1.5 days after the burst. The first epoch
yielded images in B and z, while the second epoch was only in z. One epoch of
data was obtained on the Cerro Tololo (CTIO) Blanco 4m telescope 17.6 days after
the burst, yielding an Rc image. Three epochs of data were obtained on the Gemini-
South (Gemini-S) 8.1m telescope, the first one was 4.6 days post-burst in griz, and
two additional epochs in r at 46.5 and 49.5 days post-burst. Finally, one further epoch
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of imaging was obtained on 5th April, 2007 (∼ 250 days after the burst) on the 2m
Faulkes Telescope South (FTS). Observations were made of the GRB field (well after
the GRB and SN had faded below the instrument detection limit) in BVRci, as well
as images taken of Landolt photometric standard regions (Landolt 1992) in the same
filters. The observations taken by FTS that are used in our calibration were made under
photometric conditions.
Aperture photometry was performed on all images using standard routines in
IRAF1 . A small aperture was used, and an aperture correction was computed and
applied. The aperture-corrected, instrumental magnitudes were then calibrated via
standard star photometry into magnitudes in BVRcIc. Using the images of Landolt
standards, IRAF routines were used to solve transformation equations of the form:
minst = zp + M + a1X + a2(B−V ) (2.1)
where minst is the aperture-corrected, instrumental magnitude, M is the standard mag-
nitude, zp the zero-point, a1 the extinction, X the airmass, a2 the colour-term and
(B−V ) (and variations thereof) the colour.
The validity of the transformation equations was checked by using the solutions
on the Landolt standard stars in the CCD images, which revealed computed magnitudes
that were consistent with those in the Landolt Catalogue (1992) within the magnitude
errorbars (typical s ∼ 0.04 mag).
The solutions from the standard star photometry were then applied to a sequence
of secondary standards in the field of GRB 060729. The Gemini-S observations are
calibrated against these stars using a zero-point and colour term in filters gRcIcz. The
g and z magnitudes of secondary standards in the GRB field were calculated using
transformation equations from Jordi et al. (2006), and r and i were calibrated to Rc
and Ic. The single CTIO epoch was calibrated directly against the stars in the GRB
1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Table 2.2 HST Photometry of GRB 060729
T −To (days) Filtera Magb s (mag) Calibrated to
8.983 F330W 22.00 0.03 AB
17.051 F330W 23.40 0.05 AB
26.125 F330W 24.08 0.10 AB
9.042 F625W 21.09 0.01 Rc (Vega)
16.909 F625W 21.94 0.02 Rc (Vega)
26.250 F625W 22.57 0.03 Rc (Vega)
48.689 F625W 24.07 0.07 Rc (Vega)
139.888 F625W 26.20 0.62 Rc (Vega)
9.059 F850LP 20.90 0.01 Ic (Vega)
16.926 F850LP 21.74 0.02 Ic (Vega)
26.266 F850LP 22.24 0.03 Ic (Vega)
48.757 F850LP 23.28 0.05 Ic (Vega)
139.905 F850LP 25.65 0.57 Ic (Vega)
9.139 F160W 21.14 0.02 AB
16.500 F160W 22.16 0.04 AB
27.198 F160W 22.85 0.05 AB
9.124 F222M 20.38 0.30 AB
16.460 F222M > 22.1 - AB
27.127 F222M > 21.7 - AB
aFilter key: F330W , F625W , F850LP: ACS; F160W , F222M: NICMOS.
bApparent magnitudes are of the OT from the subtracted images except for the ACS
F330W and NICMOS F222M filters (for which no image subtraction occurred).
All magnitudes have been corrected for foreground extinction.
field using a zero-point (no colour term). Images taken by PROMPT are calibrated
against standard stars observed by PROMPT in B and z, using a zero-point and colour
term. All of the ground-based photometry, which has been corrected for foreground
extinction, is presented in Table 2.1.
2.1.2
Hubble Space Telescope Data
We obtained a total of six epochs of data with HST, using the Advanced Camera for
Surveys (ACS) and the High-Resolution Channel (HRC) in F330W ; and the Wide
Field Channel (WFC) in F625W and F850LP; the Near Infrared Camera and Multi-
Object Spectrograph (NICMOS) in F160W and F222M; and the Wide-Field Planetary
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Camera 2 (WFPC2) in F300W , F622W and F850LP for the last epoch. The images
were reduced and drizzled in a standard manner using Multidrizzle (Koekemoer et
al. 2002). The use of WFPC2 images in the last epoch was a consequence of the
ACS being broken at this time. While we were wary that images from two different
cameras and two different filters might disrupt our intention of using the last epoch
as a template image for use in image subtraction, we were able to work around the
problem of the differing cameras and filters by carefully choosing the stars used in
the image-subtraction procedure (see section 2.1.3). The ACS images that were used
for image subtraction were drizzled to the WFPC2 scale (0.10��), while the remaining
images were drizzled to the native scale of the individual cameras (0.2�� and 0.10�� for
NICMOS and WFPC2 respectively).
Image subtraction was not carried out on the F330W images because the host is
not visible in the final WFPC2 (F300W ) image, thus we used the procedure described
in Appendix B of Sirianni et al. (2005) for the ACS data, i.e.: (a) perform aperture
photometry using aperture of radius 0.15��, (b) apply an aperture correction for aper-
tures of radius from 0.15�� to 0.50��, (c) apply an aperture correction for F330W for
aperture of radius 0.50�� to infinity (Table 5 of Sirianni et al. 2005), (d) compute and
correct for a CCD charge transfer efficiency (CTE) uncertainty, (e) used AB zeropoint
for each filter.
2.1.3
Image Subtraction
Using ISIS (Alard 2000) we performed image subtraction on the ACS F625W and
F850LP images, using the WFPC2 images in F622W and F850LP as the respective
templates. The ACS images were drizzled to the WFPC2 scale (0.10��) prior to sub-
traction. Image subtraction was also performed on the NICMOS F160W images, using
the last epoch as the template. Subtracting the WFPC2 image from the first five ACS
images gave a clear detection of the optical transient (OT). As the reference image was
taken with a different camera and different filters (with the corresponding differences in
47
2. GRB 060729
the filters’ transmission curves and different CCD responses) we checked for the pres-
ence of a colour-term in the residuals in the subtracted images. For very red objects
(F622W −F850LP > 1.5) a small colour dependent effect was seen, however when
we restricted the colour range to include only stars with 0≤ F622W −F850LP≤ 1.0
we found no statistically-significant colour-term in the residuals. The colour of the
OT was never beyond this colour range, thus by using the stars in this colour range to
match the ACS frames to the WFPC2 template in our image-subtraction procedure we
are confident of the validity of our results.
Aperture photometry was then performed on the subtracted images using an aper-
ture of radius 0.15��, and correcting for steps (a) - (c) as described previously but for
the WFPC2 images (Holtzman et al. 1995). The instrumental magnitudes were then
calibrated to Rc and Ic using a zero-point and colour-term. Aperture photometry was
performed on the NICMOS F160W images using the procedures prescribed in the
NICMOS data handbook (Thatte et al. 2009). We used an aperture of radius 0.40�� and
included in our procedure: (a) an aperture correction for apertures of radius from 0.40��
to 1.00��, (b) corrected from 1.00�� aperture radius to an infinite aperture by multiply-
ing the flux (counts) by 1.075, (c) used AB zeropoint for each filter. All of the HST
magnitudes, which have been corrected for foreground extinction, are listed in Table
2.2.
2.1.4
Host Photometry
The host was clearly visible and extended in all of the final epoch images taken by
WFPC2, apart from the F300W image. Aperture photometry was performed on the
images: WFPC2 (F622W and F850LP) and NICMOS (F160W ), using an aperture of
0.7��, 0.4�� and 0.6�� respectively. As the host is clearly extended, CTE effects have
been neglected when determining the host magnitudes as the effects due to CTE on
WFPC2 images are only well understood for point sources. The corrected instrumental
magnitudes in F622W and F850LP were then calibrated to Rc and Ic using a zero-
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Table 2.3 HST Photometry of the Host Galaxy of GRB 060729
T −To (days) Filtera Mag s (mag) Calibrated to
425.298 F300W > 24.80 - AB
428.984 F622W 24.42 0.20 Rc (Vega)
429.181 F850LP 24.26 0.20 Ic (Vega)
425.363 F160W 22.82 0.06 AB
424.806 F222M > 22.10 - AB
aFilter key: F622W & F850LP: WFPC2; F160W : NICMOS.
All magnitudes have been corrected for foreground extinction.
point and colour-term, while the F160W and F222M magnitudes are given as AB
magnitudes. All of the host magnitudes, which have been corrected for foreground
extinction, are listed in Table 2.3.
SECTION 2.2
Results & Discussion
2.2.1
The Afterglow
Grupe et al. (2007) found that the optical and X-ray light curves of GRB 060729 dis-
played similar temporal behaviour (i.e., the decay constants and time of break in the
X-ray, UV and optical filters were consistent up to late times; see Figure 8 in Grupe et
al. 2007). Thus, assuming at late times that the decay constant will be approximately
the same in all optical passbands, we used our HST(ACS) F330W magnitudes to char-
acterise the temporal behaviour of the GRB afterglow at longer wavelengths (i.e., Rc
and Ic). The reason for using the F330W magnitudes is that any SN contribution at
these wavelengths is expected to be negligible with respect to the afterglow (e.g., see
Figure 2.1).
Using the Ultraviolet and Optical Telescope (UVOT) aboard Swift, Grupe et al.
(2007) found that the optical afterglow was visible in the UVOT-U filter up to 7.66
days after the burst. We clearly detect the GRB afterglow up to our third HST epoch
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(26.12 days after the burst) in the HST(ACS) F330W filter. Thus, by combining our
HST data with that obtained by Swift, we were able to extend the time-domain of the
analysis and more accurately determine the temporal behaviour of the afterglow.
To enable us to compare the F330W magnitudes obtained with HST(ACS) to
those determined by Swift, we used IRAF/Synphot/Calcphot to transform our F330W
magnitudes into U and corrected for foreground extinction. Next, using transforma-
tion equations determined by Swift (Poole et al. 2008), we transformed the UVOT-U
magnitudes intoU . All of theU-band data (HST and Swift) were thus calibrated toU .
A broken power-law was fitted to the data (Figure 2.1), using the form:
mn (t) =−2.5× log
���
t
Tbreak
�a1
+
�
t
Tbreak
�a2�−1�
+B (2.2)
where t is the time since the burst and Tbreak is the time when the power-law changes
from temporal index a1 to a2.
The values of the fit (c2/do f = 1.31) are: a1 = 0.01±0.03; a2 = 1.65±0.05 and
Tbreak = 0.75±0.08 days. When we restrict the upper limit to the time range to 8 days
(i.e., up to the last UVOT-U detection) we find (c2/do f = 1.33): a2 = 1.47± 0.11
and Tbreak = 0.58± 0.10 days, which are consistent with the decay constant and time
of break found by Grupe et al. (2007) for the UVOT-U data (see Table 5 of Grupe et al.
2007). We note that we originally fit the data with the complete Beuermann Function
(Beuermann et al. 1999) and let n vary (where n is a measure of the “smoothness” of
the transition from a1 to a2). The results of our fit gave n≈ 1 (i.e., a smooth transition),
so we fixed n= 1 when performing the final fit.
In Figure 2.1, variability is seen in the early-time data. To check that the early-
time data does not affect our empirical fit at late-times, we fit a single power-law to the
data at t− to > 2.0 days. It was seen that by limiting the fit to data after this time, we
found a = 1.64±0.07, fully consistent with the value of a2 found previously.
The value of a2 = 1.65±0.05 is consistent with that found by Grupe et al. (2010)
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Figure 2.1 GRB 060729: Light-curve of UVOT (U) (triangles) and HST (F330W)
(squares) magnitudes transformed into U . The afterglow model is shown as a bro-
ken power-law (solid line), where a1 = 0.01± 0.03; a2 = 1.65± 0.05 and Tbreak =
0.75± 0.08 days. Plotted for comparison (pentagons) is the UVOT (UVW1) LC of
XRF 060218/ SN 2006aj (Brown et al. 2009) as it would appear at z= 0.54. All mag-
nitudes have been corrected for foreground extinction and the LC of SN 2006aj has
also been corrected for host extinction. At these wavelengths the contribution of flux
from an accompanying SN is expected to be negligible in comparison to the afterglow.
This assumption is confirmed by the HST observations.
for the X-ray light curve (a = 1.61+0.10−0.06) from 1.2× 106 s (13.8 days) to 38× 106 s
(439.8 days), though we note that the optical and X-ray decay constants do not neces-
sarily have to be the same, as seen for many bursts (e.g., Melandri et al. 2008).
Plotted for comparison in Figure 2.1 is the UVOT (UVW1) LC of XRF 060218
/ SN 2006aj. At a redshift of z = 0.54, the light emitted in the restframe at UVOT
(UVW1) wavelengths will be redshifted into observer-frame U . We can see that the
broken power-law fits the U data well and we conclude that the contribution of flux
at this wavelength from an accompanying SN is negligible in comparison to the flux
from the afterglow.
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Figure 2.2 GRB 060729: Afterglow-subtracted, supernova Rc (blue) and Ic (black)
light curves. The solid points are derived from the image-subtracted magnitudes from
the HST data while the open points are derived from the magnitudes obtained by math-
ematically subtracting the host flux from the Gemini-S and CTIO epochs (see text).
Plotted for comparison are the LCs of SN 1998bw (dashed) and SN 1994I (dot-dashed)
in the same filters, as they would appear at z= 0.54. The brightness and time-evolution
of the SN resembles that of SN 1998bw up to ∼ 30 days, rather than SN 1994I. All
magnitudes have been corrected for foreground and host extinction.
2.2.2
The Supernova
For the complete GRB event, we assume that flux is coming from up to three sources:
the afterglow, the host galaxy and a (possible) SN. We have already photometrically
removed the flux due to the host in the HST images via image subtraction, however
we were not able to perform image subtraction on the Gemini-S and CTIO images.
Instead we mathematically subtracted the contribution of host flux (which was deter-
mined from the WFPC2 images) from the three Gemini-S and CTIO images, after all
of the magnitudes were converted into fluxes using the zero-points from Fukugita et al.
(1995). Thus, after removing the flux due to the host, and then subtracting the flux due
to the GRB afterglow (which was characterized by Equation 2), any remaining flux
could be due to an accompanying SN.
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Our host- and afterglow-subtracted light curves are shown in Figure 2.2, where
the quoted errors have been calculated in quadrature. Plotted for comparison are the
distance and foreground-corrected light curves of SN 1998bw and SN 1994I. The
SN 1998bw LCs are model light curves (i.e., interpolated/extrapolated through fre-
quency)2 however we have used the restframe B and V LCs of SN 1994I to represent
the observer-frame Rc and Ic LCs respectively. It is seen, even despite the paucity of
data-points, that the SN associated with GRB 060729 resembles more closely that of
SN 1998bw up to ∼ 30 days, than SN 1994I in regards to both time evolution and
brightness.
We find peak apparent magnitudes of the associated SN of Rc = 23.80± 0.08
and Ic = 23.20± 0.06. To make an accurate estimate of the peak absolute magnitude
of the SN, we have determined the amount of host extinction (Section 2.2.4) to be
E(B−V ) = 0.61 mag. In comparison, Grupe et al. (2007) determined from their
optical to X-ray spectral energy distribution (SED) analysis of the afterglow a restframe
extinction local to the GRB of E(B−V ) = 0.34 mag. However, using the sameUVOT
data-set as Grupe et al. (2007) as well as additional Rc data, Schady et al. (2010)
found a restframe extinction of E(B−V ) ≤ 0.06. We note that our value of the host
reddening is poorly constrained by our SED template fitting (though it is worth noting
that the best two fits to the host SED both imply large amounts of reddening). However,
it has been seen that the host extinction for many bursts is not always the same as the
extinction local to the event (e.g., GRB 000210 (Gorosabel et al. 2003), where the local
reddening was very high, but the host extinction was negligible. Further examples are
seen in Modjaz et al. 2008 and Levesque et al. 2010). Thus it is more reasonable to
use the extinction derived by Schady et al. (2010) as it is local to the event and is a
more complete analysis than that performed by Grupe et al. (2007).
As the majority of long-duration GRB host galaxies contain dust that is Small
Magellanic Cloud (SMC)-like (e.g., Starling et al. 2007; Schady et al. 2007; Kann
et al. 2010), we applied the SMC extinction law (RV = 2.93; Pei 1992) to the value
2 Note that the synthetic SN 1998bw LCs used throughout this thesis have been created by Cristiano
Guidorzi. In Chapters 4 and 5, the synthetic LCs have been modified by the author when determining
the stretch factors of various GRB/XRF-SNe.
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Figure 2.3 GRB 060729: Observer-Frame SED. The host-subtracted HST data (filled
circles) of the OT (afterglow and supernova) has been corrected for foreground and
host extinction. Plotted for comparison are the (see text) UBVRI data of SN 1998bw at
25.8 days and the UBVRI data for SN 1994I at 28.8 days, which have been corrected
for foreground and host extinction. At 9.0 days the SED is fitted by a power-law with
spectral index b = 0.59± 0.02, however at 26.2 days the SED resembles that of the
local Ic SNe, although with less curvature.
of E(B−V ) found by Schady et al. (2010) to estimate the restframe extinction. We
then approximated the restframe V -band magnitudes from the observer-frame Ic-band
magnitudes, and find an absolute magnitude of the SN associated with GRB 060729
of MV = −19.43± 0.06. This implies that the SN associated with GRB 060729 has
approximately the same peak brightness as 1998bw in the V -band (see Table 5.1).
2.2.3
The Spectral Energy Distribution
We determined the observer-frame spectral energy distribution of the OT (afterglow
and SN) for two epochs: 9.0 and 26.2 days after the burst (Figure 2.3). We used
the zero-points from Fukugita et al. (1995) to convert the magnitudes to fluxes, and
corrected for foreground and host extinction. Plotted for comparison are the observer-
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Figure 2.4 GRB 060729: SED (red points) of the host galaxy. The best-fit model is for
a galaxy with a young stellar population and low metallicity.
frame SEDs for SN 1998bw (25.8 days) and SN 1994I (28.8 days), which have been
corrected for distance as well as foreground and host extinction. At 9.0 days the SED is
fitted by a power-law with spectral index b = 0.59±0.02. However, the most striking
feature of Figure 2.3 is at 26.2 days, where the SED resembles that of 1998bw and
1994I at a similar epoch, although with less curvature.
2.2.4
The Host Galaxy
The detection of the host galaxy with WFPC2 allowed us to construct its optical SED
(Figure 2.4). Magnitudes of the host, which are corrected for foreground redden-
ing, were transformed to AB magnitudes, giving: F622W = 24.54±0.20, F850LP=
24.60± 0.20, F160W = 24.12± 0.063 , and upper limits: F330 > 24.80, F222M >
22.10 mag.
3 A recent image of the host galaxy has been taken with the Wide Field Camera 3 aboard HST in
filter F160W by A. Levan, who confirms that the host brightness in this filter has not changed between
this epoch and our epoch taken at ≈ 425 days (A. Levan, private communication).
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We used the procedure described in Svensson et al. (2010) to calculate the stellar
mass, star-formation rate and the specific star-formation rate of the host galaxy (NB.
The procedure was completed by K. Svensson). Using a redshift of z= 0.54, we fitted
our HST magnitudes to synthetic galaxy evolution models (Bruzual & Charlot 2003).
None of the synthetic models were very well constrained, however the best fit template
(c2/do f = 6.58) is for a galaxy with a young stellar population and low metallicity.
We note that the next best-fit model is for a M82-type galaxy with large amounts of
reddening.
The magnitudes of the best-fitting template are: MU = −16.72, MB = −17.13,
MV = −17.49, MK = −19.94 and E(B−V ) ≈ 0.61 mag. The magnitudes are not
host-extinction corrected. We also find a star-formation rate of log(SFR[M�/yr]) =
−0.89+0.04−0.07; a stellar mass of log(Mass[M�]) = 9.13
+0.04
−0.08 and a specific star-formation
rate of log(SSFR[Gyr−1]) = −1.03+0.18−0.04. The latter values of the star-formation rates
and mass are estimated from an extinction-corrected SED. The quoted errors are 1s
and are systematic only and are calculated from the distributions of SFR, mass, etc.,
given by all templates (i.e., the errors reflect how good the best-fit parameters are
compared with all of the considered models).
We were able to determine the position of GRB 060729 in the host galaxy using
the HST images taken by WFPC2. We find for the position of the OT in our sub-
tracted images (error = 0.02��): 06h21m31.77s, −62d22m12.21s; which is offset from
the apparent centre of the host by 0.33�� ±0.02�� (2.1±0.1 kpc).
Secondly, we used the pixel statistic created by Fruchter et al. (2006), which cal-
culates the percentage of light (Flight) contained in regions of lower surface brightness
than the region containing a GRB or SN (where a value of Flight = 100.0 corresponds
to the event occurring in the brightest region of the host galaxy). For GRB 060729,
Flight = 39.0 in the F622W filter, which is somewhat smaller than that seen in other
GRBs by Fruchter et al. (2006).
Thus we conclude that the host galaxy of GRB 060729 has a young stellar popula-
tion with a modest stellar mass (∼ 109 M�) and star-formation rate (SFR∼ 0.13M�yr−1),
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suggesting that the host is typical of other GRB host galaxies (e.g., Wainwright et al.
2005; Fruchter et al. 2006; Savaglio et al. 2009; Svensson et al. 2010; Christensen et
al. 2004).
SECTION 2.3
Conclusions
We have presented photometric evidence for a supernova associated with GRB 060729.
For this event (and any long, soft GRB event) we attribute light coming from three
sources: (1) the afterglow, (2) the supernova, and (3) the host galaxy. First, we per-
formed image subtraction on our HST images to remove the constant source of flux
from the host galaxy. Next, we determined the behaviour of the optical afterglow
using the U-band data (Figure 2.1), and subtracted it from the light of the OT. The
“left-over”/residual light resembles that of a SN, both in shape (Figure 2.2) and in its
SED (Figure 2.3).
For the SN associated with GRB 060729, we found peak apparent magnitudes of
Rc = 23.80± 0.08 and Ic = 23.20± 0.06. When restframe extinction was considered
using the analysis performed by Schady et al. (2010) (who found E(B−V )rest f rame ≤
0.06 mag), the peak, restframe absolute V -band magnitude was shown to be MV =
−19.43± 0.06, which is approximately the same peak brightness as SN 1998bw (in
the V -band).
Finally, we used our HST observations at t− to ∼ 425 days in filters F222W ,
F850LP and F160W to constrain the SED of the host galaxy of GRB 060729. The
paucity of optical points didn’t allow us to constrain the SED very well, however the
best-fitting template is for a galaxy with a young stellar population, low global metal-
licity, a modest stellar mass (∼ 109M�) and a star formation rate (SFR∼ 0.13M� yr−1)
that is typical of many other GRB host galaxies.
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GRB 090618
The Swift Burst Alert Telescope (BAT) detected the long-duration (T90 = 113.2±6 s)
GRB 090618 on June 18, 2009 at 08:28:29 UT (Schady et al. 2009) which was fol-
lowed up by many teams with ground-based telescopes at optical wavelengths, and
published in the GCN Circulars.1
The redshift was measured to be z = 0.54 by Cenko et al. (2009) and Fatkhullin
et al. (2009).
Foreground reddening has been corrected for using the dust maps of Schlegel et
al. (1998), from which we find E(B−V ) = 0.085 mag for GRB 090618.
1 The data presented in this chapter supersedes those in the GCN Circulars: FTN: Melandri et al.
2009 and Cano et al. 2009; LOAO: Im et al. 2009a; OAUV-0.4m telescope: Fernandez-Soto et al.
2009; Shajn: Rumyantsev & Pozanenko 2009; BOAO: Im et al. 2009b; SAO-RAS: Fatkhullin et al.
2009 (photometry & spectra); HCT: Anupama, Gurugubelli & Sahu 2009; Mondy: Klunko, Volnova &
Pozanenko 2009. GRB 090618 was also detected at radio wavelengths and published in GCN Circulars:
AMI: Pooley 2009a, 2009b; VLA: Chandra & Frail 2009; WSRT: Kamble, van der Horst & Wijiers
2009.
3. GRB 090618
SECTION 3.1
Observations & Photometry
3.1.1
Optical Data
We obtained optical observations with many ground-based telescopes: the 2m FTN;
the 2m LT; the 8.1m Gemini-North; the 4.2m WHT; the 2.5m INT; the 2.6m Shajn
telescope of CrAO; the 1.25m AZT-11 telescope of CrAO; the 1.5mMaidanak AZT-22
telescope with the SNUCAM CCD camera (Im et al. 2010); the 1.5m AZT-33IK tele-
scope of Sayan observatory, Mondy; the 6m BTA-6 optical telescope and the 1m Zeiss-
1000 telescope of the Special Astrophysical Observatory of the Russian Academy of
Sciences (SAO-RAS); the 1m LOAO telescope (Lee, Im & Urata 2010) at Mt. Lem-
mon (Arizona, USA) which is operated by the Korea Astronomy Space Science In-
stitute; 15.5cm telescope at Bohyunsan Optical Astronomy Observatory (BOAO) in
Korea which is operated by the Korea Astronomy Space Science Institute; the 2m Hi-
malayan Chandra Telescope (HCT) and the T40 telescope at the Observatorio de Aras
de los Olmos, operated by the Observatori Astrono´mic de la Universitat de Vale`ncia.
Aperture photometry was performed on all images using standard routines in
IRAF. A small aperture was used, and an aperture correction was computed and ap-
plied. The aperture-corrected, instrumental magnitudes of stars in the GRB field were
calibrated to the SDSS catalogue (in filters BVRci, where non-SDSS magnitudes were
calculated using transformation equations from Jordi et al. (2006) using Equation 1,
initially using a zero-point and a colour term. However, it was found that the contri-
bution of a colour term to the calibration was negligible, hence only a zero-point was
used in all cases. All optical magnitudes have been corrected for foreground extinction
and are listed in Table 3.1.
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Table 3.1. Ground-based Optical Photometry of GRB 090618
T−To (days) Filter mn a s (mag) TelescopebT−To (days) Filter mn a s (mag) Telescopeb
0.06 B 17.35 0.06 FTN 0.11 Rc 17.22 0.02 FTN
0.06 B 17.38 0.05 FTN 0.11 Rc 17.30 0.02 FTN
0.06 B 17.43 0.05 FTN 0.12 Rc 17.26 0.01 FTN
0.07 B 17.51 0.07 FTN 0.12 Rc 17.22 0.06 LOAO
0.07 B 17.61 0.06 FTN 0.12 Rc 17.40 0.01 FTN
0.08 B 17.69 0.06 FTN 0.13 Rc 17.38 0.01 FTN
0.09 B 17.81 0.17 LOAO 0.14 Rc 17.38 0.02 FTN
0.09 B 17.76 0.04 FTN 0.15 Rc 17.45 0.05 FTN
0.10 B 17.83 0.02 FTN 0.15 Rc 17.56 0.03 FTN
0.10 B 17.92 0.06 FTN 0.16 Rc 17.62 0.02 FTN
0.11 B 17.83 0.05 FTN 0.16 Rc 17.67 0.01 FTN
0.11 B 17.88 0.14 LOAO 0.17 Rc 17.68 0.01 FTN
0.11 B 17.91 0.04 FTN 0.18 Rc 17.76 0.02 FTN
0.11 B 17.97 0.04 FTN 0.18 Rc 17.87 0.02 FTN
0.12 B 18.05 0.05 FTN 0.20 Rc 17.86 0.04 FTN
0.13 B 18.11 0.04 FTN 0.20 Rc 17.88 0.03 FTN
0.14 B 18.20 0.03 FTN 0.21 Rc 17.88 0.02 FTN
0.15 B 18.31 0.08 FTN 0.21 Rc 17.94 0.02 FTN
0.15 B 18.32 0.08 FTN 0.22 Rc 17.96 0.02 FTN
0.15 B 18.24 0.03 FTN 0.23 Rc 17.94 0.02 FTN
0.16 B 18.32 0.03 FTN 0.24 Rc 17.97 0.08 FTN
0.16 B 18.39 0.05 FTN 0.24 Rc 18.13 0.05 FTN
0.17 B 18.42 0.03 FTN 0.24 Rc 18.13 0.03 FTN
0.18 B 18.43 0.05 FTN 0.25 Rc 18.04 0.02 FTN
0.19 B 18.49 0.04 FTN 0.26 Rc 18.09 0.02 FTN
0.19 B 18.47 0.09 FTN 0.41 Rc 18.77 0.13 Mondy
0.20 B 18.62 0.06 FTN 0.42 Rc 18.81 0.13 Mondy
0.20 B 18.60 0.05 FTN 0.46 Rc 18.85 0.04 HCT
0.20 B 18.56 0.04 FTN 0.46 Rc 18.88 0.04 HCT
0.21 B 18.61 0.03 FTN 0.48 Rc 18.84 0.07 Shajn
0.22 B 18.69 0.04 FTN 0.48 Rc 18.84 0.06 Shajn
0.22 B 18.66 0.02 FTN 0.48 Rc 18.75 0.08 Shajn
0.23 B 18.75 0.04 FTN 0.48 Rc 18.89 0.02 Maidanak
0.24 B 18.84 0.12 FTN 0.49 Rc 18.89 0.02 Maidanak
0.24 B 18.73 0.07 FTN 0.49 Rc 18.81 0.09 Shajn
0.24 B 18.76 0.05 FTN 0.49 Rc 18.77 0.10 Shajn
0.25 B 18.79 0.03 FTN 0.50 Rc 18.96 0.02 Maidanak
0.25 B 18.88 0.05 FTN 0.50 Rc 19.01 0.11 Shajn
0.48 B 19.84 0.17 Shajn 0.50 Rc 18.94 0.02 Maidanak
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Table 3.1—Continued
T−To (days) Filter mn a s (mag) TelescopebT−To (days) Filter mn a s (mag) Telescopeb
0.48 B 19.79 0.16 Shajn 0.51 Rc 18.81 0.10 Shajn
0.48 B 19.38 0.13 Shajn 0.51 Rc 18.90 0.10 Shajn
0.49 B 19.61 0.23 Shajn 0.51 Rc 18.77 0.10 Shajn
0.49 B 19.52 0.02 Maidanak 0.51 Rc 18.92 0.10 Shajn
0.49 B 19.53 0.23 Shajn 0.52 Rc 18.99 0.02 Maidanak
0.49 B 19.61 0.29 Shajn 0.52 Rc 19.01 0.04 Shajn
0.50 B 19.54 0.02 Maidanak 0.52 Rc 18.99 0.05 Shajn
0.50 B 19.51 0.30 Shajn 0.52 Rc 18.97 0.02 Maidanak
0.51 B 19.61 0.20 Shajn 0.52 Rc 18.94 0.05 Shajn
0.51 B 19.57 0.03 Maidanak 0.53 Rc 18.97 0.03 Shajn
0.51 B 19.59 0.16 Shajn 0.53 Rc 19.00 0.02 Maidanak
0.51 B 19.57 0.02 Maidanak 0.53 Rc 19.02 0.04 Shajn
0.51 B 19.73 0.30 Shajn 0.54 Rc 19.05 0.03 Shajn
0.52 B 19.88 0.17 Shajn 0.54 Rc 19.02 0.01 Maidanak
0.52 B 19.60 0.12 Shajn 0.54 Rc 19.08 0.04 Shajn
0.52 B 19.69 0.08 Shajn 0.54 Rc 19.05 0.03 Shajn
0.53 B 19.62 0.03 Maidanak 0.55 Rc 19.03 0.03 Shajn
0.53 B 19.61 0.03 Maidanak 0.55 Rc 19.05 0.02 Maidanak
0.53 B 19.90 0.08 Shajn 0.55 Rc 19.03 0.04 Shajn
0.53 B 19.74 0.09 Shajn 0.56 Rc 19.16 0.04 Shajn
0.53 B 19.77 0.08 Shajn 0.56 Rc 19.10 0.04 Shajn
0.54 B 19.76 0.08 Shajn 0.56 Rc 19.08 0.02 LT
0.54 B 19.63 0.02 Maidanak 0.56 Rc 19.13 0.03 Shajn
0.54 B 19.84 0.10 Shajn 0.56 Rc 19.10 0.02 LT
0.54 B 19.97 0.10 Shajn 0.57 Rc 19.07 0.03 Shajn
0.54 B 19.65 0.03 Maidanak 0.57 Rc 19.07 0.02 LT
0.55 B 19.97 0.09 Shajn 0.57 Rc 19.08 0.04 Shajn
0.55 B 19.86 0.09 Shajn 0.57 Rc 19.13 0.04 Shajn
0.55 B 19.68 0.03 Maidanak 0.57 Rc 19.16 0.05 Shajn
0.55 B 19.85 0.09 Shajn 0.58 Rc 19.14 0.04 Shajn
0.56 B 19.87 0.09 Shajn 0.58 Rc 19.14 0.05 Shajn
0.56 B 19.83 0.07 Shajn 0.58 Rc 19.16 0.04 Shajn
0.56 B 19.86 0.08 Shajn 0.59 Rc 19.14 0.04 Shajn
0.57 B 19.96 0.09 Shajn 0.59 Rc 19.16 0.05 Shajn
0.57 B 19.95 0.11 Shajn 0.59 Rc 19.13 0.04 Shajn
0.57 B 19.92 0.09 Shajn 0.60 Rc 19.20 0.05 Shajn
0.58 B 19.87 0.08 Shajn 0.60 Rc 19.17 0.05 Shajn
0.58 B 19.84 0.09 Shajn 0.60 Rc 19.16 0.05 Shajn
0.58 B 19.91 0.10 Shajn 0.60 Rc 19.17 0.02 LT
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Table 3.1—Continued
T−To (days) Filter mn a s (mag) TelescopebT−To (days) Filter mn a s (mag) Telescopeb
0.58 B 20.07 0.09 Shajn 0.60 Rc 19.21 0.06 Shajn
0.59 B 20.12 0.10 Shajn 0.61 Rc 19.17 0.02 LT
0.59 B 20.06 0.11 Shajn 0.61 Rc 19.15 0.06 Shajn
0.59 B 19.93 0.08 Shajn 0.61 Rc 19.18 0.02 LT
0.60 B 19.99 0.11 Shajn 0.61 Rc 19.15 0.06 Shajn
0.60 B 19.99 0.14 Shajn 0.61 Rc 19.18 0.06 Shajn
0.60 B 20.26 0.19 Shajn 0.62 Rc 19.14 0.06 Shajn
0.61 B 19.99 0.21 Shajn 0.62 Rc 19.24 0.07 Shajn
0.61 B 20.03 0.18 Shajn 0.62 Rc 19.32 0.07 Shajn
0.61 B 20.03 0.14 Shajn 0.63 Rc 19.23 0.06 Shajn
0.62 B 20.08 0.15 Shajn 0.63 Rc 19.26 0.05 Shajn
0.62 B 20.06 0.17 Shajn 0.63 Rc 19.37 0.07 Shajn
0.62 B 20.06 0.19 Shajn 0.64 Rc 19.28 0.06 Shajn
0.62 B 19.89 0.14 Shajn 0.64 Rc 19.34 0.06 Shajn
0.63 B 19.96 0.13 Shajn 0.64 Rc 19.28 0.07 Shajn
0.63 B 20.13 0.14 Shajn 0.64 Rc 19.31 0.05 Shajn
0.63 B 20.14 0.12 Shajn 0.65 Rc 19.36 0.08 Shajn
0.64 B 20.17 0.10 Shajn 0.65 Rc 19.39 0.05 Shajn
0.64 B 20.02 0.11 Shajn 0.65 Rc 19.25 0.02 LT
0.64 B 20.02 0.09 Shajn 0.65 Rc 19.26 0.04 Shajn
0.65 B 20.15 0.14 Shajn 0.65 Rc 19.25 0.02 LT
0.65 B 20.09 0.12 Shajn 0.66 Rc 19.28 0.04 Shajn
0.65 B 20.24 0.10 Shajn 0.66 Rc 19.29 0.02 LT
0.65 B 20.04 0.10 Shajn 0.66 Rc 19.38 0.05 Shajn
0.66 B 20.17 0.11 Shajn 0.66 Rc 19.29 0.05 Shajn
0.66 B 20.23 0.16 Shajn 0.67 Rc 19.39 0.02 LT
0.66 B 20.05 0.13 Shajn 0.67 Rc 19.38 0.06 Shajn
0.67 B 20.19 0.18 Shajn 0.67 Rc 19.40 0.02 LT
0.67 B 20.05 0.24 Shajn 0.67 Rc 19.42 0.07 Shajn
0.67 B 20.17 0.22 Shajn 0.67 Rc 19.33 0.07 Shajn
0.68 B 20.08 0.28 Shajn 0.67 Rc 19.41 0.02 LT
0.68 B 19.97 0.33 Shajn 0.67 Rc 19.20 0.07 Shajn
1.46 B 21.12 0.05 Maidanak 0.68 Rc 19.25 0.10 Shajn
1.46 B 21.05 0.05 Maidanak 0.68 Rc 19.38 0.11 Shajn
1.47 B 21.11 0.05 Maidanak 0.68 Rc 19.47 0.19 Shajn
1.48 B 21.10 0.05 Maidanak 0.74 Rc 19.42 0.03 LT
1.49 B 21.02 0.07 Maidanak 0.74 Rc 19.39 0.03 LT
1.49 B 21.02 0.05 Maidanak 0.75 Rc 19.41 0.03 LT
1.50 B 21.14 0.07 Maidanak 1.46 Rc 20.38 0.04 Maidanak
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Table 3.1—Continued
T−To (days) Filter mn a s (mag) TelescopebT−To (days) Filter mn a s (mag) Telescope b
1.65 B 21.20 0.09 BTA-6 1.46 Rc 20.44 0.12 AZT-11
3.47 B 22.52 0.06 Maidanak 1.47 Rc 20.42 0.04 Maidanak
0.06 V 16.92 0.06 FTN 1.48 Rc 20.41 0.04 Maidanak
0.10 V 17.46 0.01 FTN 1.49 Rc 20.50 0.06 Maidanak
0.15 V 17.72 0.32 BOAO 1.57 Rc 20.43 0.07 HCT
0.15 V 17.80 0.02 FTN 1.58 Rc 20.42 0.06 BTA-6
0.15 V 17.69 0.25 BOAO 1.59 Rc 20.51 0.02 LT
0.16 V 17.84 0.25 BOAO 1.80 Rc 20.66 0.02 LT
0.16 V 17.95 0.28 BOAO 2.55 Rc 21.26 0.06 LT
0.19 V 18.14 0.24 BOAO 2.56 Rc 21.33 0.23 AZT-11
0.19 V 18.02 0.02 FTN 3.74 Rc 21.73 0.10 Zeiss-1000
0.24 V 18.35 0.09 FTN 4.47 Rc 21.94 0.07 Maidanak
0.48 V 19.15 0.09 Shajn 4.75 Rc 22.18 0.09 Zeiss-1000
0.48 V 19.03 0.08 Shajn 4.98 Rc 22.15 0.14 FTN
0.48 V 19.05 0.10 Shajn 5.23 Rc 22.13 0.04 LT
0.49 V 19.20 0.15 Shajn 5.44 Rc 22.27 0.05 Maidanak
0.49 V 19.26 0.15 Shajn 5.78 Rc 22.23 0.16 Zeiss-1000
0.50 V 19.22 0.21 Shajn 8.80 Rc 22.66 0.17 Zeiss-1000
0.50 V 19.43 0.24 Shajn 10.97 Rc 22.73 0.14 FTN
0.50 V 19.34 0.24 Shajn 18.53 Rc 22.75 0.18 FTN
0.50 V 19.23 0.16 Shajn 20.79 Rc 22.67 0.13 LT
0.51 V 19.22 0.14 Shajn 25.68 Rc 22.71 0.05 WHT
0.51 V 19.15 0.12 Shajn 23.47 Rc 22.75 0.18 FTN
0.51 V 19.14 0.13 Shajn 28.70 Rc 22.76 0.08 LT
0.52 V 19.23 0.07 Shajn 29.06 Rc 22.77 0.02 Gemini (N)
0.52 V 19.21 0.06 Shajn 34.56 Rc 22.92 0.08 Shajn
0.52 V 19.22 0.06 Shajn 41.02 Rc 23.09 0.02 Gemini (N)
0.53 V 19.31 0.04 Shajn 52.58 Rc 23.24 0.08 Shajn
0.53 V 19.37 0.04 Shajn 53.97 Rc 23.21 0.03 Gemini (N)
0.54 V 19.33 0.04 Shajn 63.92 Rc 23.34 0.08 FTN
0.54 V 19.28 0.05 Shajn 98.03 Rc 23.34 0.04 INT
0.54 V 19.33 0.04 Shajn 354.76 Rc 23.45 0.06 WHT
0.54 V 19.32 0.14 OAUV 0.06 i 16.72 0.02 FTN
0.54 V 19.32 0.04 Shajn 0.06 i 16.78 0.01 FTN
0.55 V 19.38 0.05 Shajn 0.07 i 16.82 0.01 FTN
0.55 V 19.34 0.05 Shajn 0.07 i 16.90 0.01 FTN
0.55 V 19.33 0.04 Shajn 0.08 i 16.97 0.00 FTN
0.56 V 19.22 0.09 Shajn 0.09 i 17.05 0.01 FTN
0.56 V 19.30 0.03 OAUV 0.09 i 17.11 0.01 FTN
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Table 3.1—Continued
T−To (days) Filter mn a s (mag) TelescopebT−To (days) Filter mn a s (mag) Telescopeb
0.56 V 19.34 0.04 Shajn 0.10 i 17.18 0.02 FTN
0.56 V 19.40 0.06 Shajn 0.11 i 17.23 0.01 FTN
0.57 V 19.44 0.06 Shajn 0.11 i 17.29 0.01 FTN
0.57 V 19.40 0.06 Shajn 0.12 i 17.32 0.01 FTN
0.57 V 19.43 0.07 Shajn 0.12 i 17.37 0.01 FTN
0.58 V 19.41 0.05 Shajn 0.13 i 17.40 0.01 FTN
0.58 V 19.38 0.05 Shajn 0.14 i 17.47 0.01 FTN
0.58 V 19.40 0.04 Shajn 0.15 i 17.53 0.03 FTN
0.59 V 19.53 0.05 Shajn 0.15 i 17.59 0.02 FTN
0.59 V 19.51 0.08 Shajn 0.16 i 17.60 0.01 FTN
0.59 V 19.45 0.07 Shajn 0.16 i 17.64 0.01 FTN
0.59 V 19.27 0.09 OAUV 0.17 i 17.67 0.01 FTN
0.59 V 19.52 0.08 Shajn 0.18 i 17.73 0.01 FTN
0.60 V 19.52 0.08 Shajn 0.18 i 17.76 0.01 FTN
0.60 V 19.48 0.08 Shajn 0.20 i 17.72 0.02 FTN
0.60 V 19.70 0.12 Shajn 0.20 i 17.85 0.02 FTN
0.61 V 19.65 0.12 Shajn 0.21 i 17.90 0.01 FTN
0.61 V 19.48 0.10 Shajn 0.21 i 17.93 0.01 FTN
0.61 V 19.47 0.09 Shajn 0.22 i 17.94 0.01 FTN
0.62 V 19.46 0.09 Shajn 0.23 i 17.98 0.01 FTN
0.62 V 19.51 0.09 Shajn 0.24 i 17.91 0.04 FTN
0.62 V 19.58 0.11 OAUV 0.24 i 17.95 0.02 FTN
0.62 V 19.45 0.10 Shajn 0.24 i 18.02 0.02 FTN
0.63 V 19.58 0.10 Shajn 0.25 i 18.09 0.01 FTN
0.63 V 19.58 0.09 Shajn 0.26 i 18.11 0.01 FTN
0.63 V 19.69 0.09 Shajn 0.57 i 19.06 0.02 LT
0.63 V 19.55 0.06 Shajn 0.58 i 19.04 0.02 LT
0.64 V 19.53 0.06 OAUV 0.58 i 19.08 0.01 LT
0.64 V 19.61 0.13 Shajn 0.61 i 19.09 0.02 LT
0.64 V 19.48 0.07 Shajn 0.62 i 19.06 0.02 LT
0.64 V 19.65 0.09 Shajn 0.62 i 19.07 0.01 LT
0.65 V 19.52 0.08 Shajn 0.68 i 19.23 0.01 LT
0.65 V 19.53 0.06 Shajn 0.68 i 19.19 0.01 LT
0.65 V 19.56 0.06 Shajn 0.68 i 19.20 0.01 LT
0.66 V 19.60 0.08 Shajn 0.75 i 19.36 0.01 LT
0.66 V 19.68 0.08 Shajn 0.75 i 19.36 0.01 LT
0.66 V 19.69 0.08 Shajn 0.76 i 19.41 0.02 LT
0.66 V 19.72 0.09 Shajn 1.62 i 20.41 0.02 LT
0.67 V 19.58 0.07 Shajn 1.65 i 20.50 0.07 BTA-6
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Table 3.1—Continued
T−To (days) Filter mn a s (mag) Telescope bT−To (days) Filter mn a s (mag) Telescope b
0.67 V 19.52 0.11 Shajn 1.82 i 20.61 0.02 LT
0.67 V 19.73 0.13 Shajn 2.59 i 21.07 0.04 LT
0.68 V 19.63 0.14 Shajn 4.73 i 21.92 0.09 FTN
0.68 V 19.62 0.16 Shajn 5.26 i 22.09 0.03 LT
0.68 V 19.73 0.27 Shajn 11.01 i 22.41 0.07 FTN
3.74 V 22.22 0.14 Zeiss-1000 18.97 i 22.34 0.08 FTN
0.04 Rc 16.46 0.08 LOAO 22.78 i 22.53 0.11 LT
0.04 Rc 16.82 0.19 LOAO 25.71 i 22.33 0.05 WHT
0.06 Rc 16.70 0.03 FTN 27.11 i 22.38 0.07 FTN
0.06 Rc 16.81 0.02 FTN 27.75 i 22.43 0.06 LT
0.06 Rc 16.82 0.01 FTN 29.09 i 22.45 0.01 Gemini (N)
0.07 Rc 16.89 0.01 FTN 41.05 i 22.63 0.02 Gemini (N)
0.07 Rc 16.90 0.08 LOAO 54.00 i 22.79 0.02 Gemini (N)
0.08 Rc 16.99 0.01 FTN 60.66 i 22.88 0.07 WHT
0.08 Rc 17.04 0.01 FTN 63.50 i 22.96 0.05 FTN
0.09 Rc 17.09 0.01 FTN 99.55 i 23.11 0.04 INT
0.10 Rc 17.10 0.11 LOAO 354.79 i 23.22 0.06 WHT
aThe apparent magnitude of the GRB+SN+HOST.
bTelescope key: AZT-11: 1.25m AZT-11 Telescope of CrAO; BOAO: 15.5cm BOAO Tele-
scope; BTA-6: 6m SAO-RAS Telescope FTN: 2m Faulkes Telescope North; Gemini (N): 8.1m
Gemini North; HCT: 2m Himalayan Telescope; INT: 2.5m Isaac Newton Telescope; LOAO: 1m
LOAO Telescope; LT: 2m Liverpool Telescope; Maidanak: 1.5m Maidanak Telescope; Mondy:
1.5m AZT-33IK Telescope; OAUV: 0.4m OAUV Telescope; Shajn: 2.6m Shajn Telescope of
CrAO; WHT: 4.2m William Herschel Telescope.
3.1.2
X-ray Data
The X-ray afterglow was detected and monitored by Swift-XRT (Schady et al. 2009;
Evans et al. 2009; Beardmore & Schady 2009). The XRT data have been processed2
with the HEASOFT package v.6.9 and the corresponding calibration files (standard fil-
tering and screening criteria have been applied). For t ≤ 240 s the data are strongly
affected by pile-up: piled-up Window Timing (WT) mode data have been corrected
by eliminating a strip of data from the original rectangular region of event extraction:
the strip size has been estimated from the grade 0 distribution (according to the Swift
nomenclature: see Burrows et al. 2005; Romano et al. 2006). Piled-up Photon Count-
ing (PC) data have been extracted from an annular region whose inner radius has been
derived comparing the observed to the nominal point spread function (PSF, Moretti et
al. 2005; Vaughan et al. 2006). The background is estimated from a source-free por-
2 The X-ray data was obtained and reduced by C. Guidorzi and R. Margutti. Fitting of the X-ray LC
was performed by the author.
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Table 3.2 Radio Observationsa of GRB 090618
T−To (days) F2.3 GHz s F4.8 GHz s F8.46 GHz s Telescopeb
0.17 - - - - - - RT-22
0.82 - - - - - - AMI
0.98 - - - - 0.38 0.05 VLAc
1.68 - - 0.39 0.03 - - WSRT
3.20 <3 - - - <3 - RT-22
4.67 - - 0.09 0.05 - - WSRT
4.70 0.04 0.05 - - - - WSRT
8.68 - - 0.08 0.03 - - WSRT
10.26 <3 - - - <8.900 - RT-22
T−To (days) F15 GHz s F22 GHz s Telescopeb
0.17 - - <5 - RT-22
0.82 0.62 0.12 - - AMI
0.98 - - - - VLAc
1.68 - - - - WSRT
3.20 - - - - RT-22
4.67 - - - - WSRT
4.70 - - - - WSRT
8.68 - - - - WSRT
10.26 - - - - RT-22
aall measurements in mJy.
bTelescope key: AMI: AMI Large Array; RT-22: 22-m RT-22 dish; WSRT: Westerbork
Synthesis Radio Telescope; VLA: Very Large Array.
cObservations from GCN 9533 (Chandra & Frail 2009).
tion of the sky and then subtracted. The 0.3-10 keV background-subtracted, PSF- and
vignetting-corrected light curve has been re-binned so as to ensure a minimum number
of 25 re-constructed counts. The count-rate light curves are calibrated into flux and
luminosity light curves using a time dependent count-to-flux conversion factor as de-
tailed in Margutti et al. (2010). In this way the strong spectral evolution detected at
t ≤ 240 s is properly accounted for.
3.1.3
Radio Data
Radio observations were performed with three radio telescopes3 : the Arcminute Mi-
crokelvin Imager (AMI) Large Array, part of the Cavendish Astrophysics Group, Mullard
3 Radio data were collected and reduced by G. Pooley, A. Pozenenko and A. Van der Horst. Light
curve fitting was performed by the author.
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Radio Astronomy Observatory, Cambridge UK; the 22m RT-22 radio telescope, in
Ukraine; and the Westerbork Synthesis Radio Telescope (WSRT), in the Netherlands.
One epoch was obtained on the AMI on 19 June 2009 in the 14.6 to 17.5 GHz
band at 0.823 days post burst which led to a positive detection, reported in the GCN
Circulars (Pooley 2009a). The typical noise level of the maps was 0.115 to 0.190 mJy,
and resolution was typically 40 x 20 arcseconds.
Three epochs were obtained on the RT-22 radio telescope: 18 June 2009 (22 GHz),
21 June 2009 (2 GHz and 8 GHz) and 28 June 2009 (2 GHz and 8 GHz). The GRB
was not detected in any observation, leading to upper limits only.
Additional radio observations were made with WSRT at 2.3 GHz and 4.8 GHz.
We used theMulti Frequency Front Ends (Tan 1991) in combination with the IVC+DZB
back end4 in continuum mode, with a bandwidth of 8x20 MHz. Gain and phase cal-
ibrations were performed with the calibrators 3C 48 and 3C 286, at 2.3 and 4.8 GHz,
respectively. The observations have been analyzed using the Multichannel Image Re-
construction Image Analysis and Display (MIRIAD; Sault et al. 1995) software pack-
age.
The first observation at 4.8 GHz, 1.7 days after the burst, was reported in Kamble
et al. (2009), but a careful reanalysis of the data resulted in a lower flux value and
lower uncertainty in that value. All of the radio observations are listed in Table 3.2.
SECTION 3.2
Results & Discussion
3.2.1
The Optical, X-ray & Radio Afterglow
Over 5 hours of optical data were obtained on FTN in BVRci starting 1.3 hours after the
initial GRB trigger. This was supplemented by data collected on the other telescopes,
4 See Sect. 5.2 at http://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations
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Figure 3.1 GRB 090618: The X-ray and optical light curve. A broken power-law has
been fitted separately to the X-ray (c2/do f = 1.17: a1= 0.79±0.01; a2= 1.74±0.04
and Tbreak = 0.48± 0.08 days) and optical data (c2/do f = 1.34: a1 = 0.65± 0.07;
a2 = 1.57±0.07 and Tbreak = 0.50±0.11 days). The dashed gray lines represent the
times of the SEDs.
resulting in well-sampled light curves. Figure 3.1 shows the first six days of optical
data: this includes all of the detections in B and V , and the first six days of data in Rc
and i. Several days after the burst the onset of light from an accompanying SN starts to
become significant, thus the data after this time cannot be reliably used to characterise
just the afterglow as it would incorrectly imply a slower afterglow decay.
Inspection of the panchromatic light curve clearly shows an achromatic break.
Broken power-laws have been simultaneously fit to the BVRci data from 0.03 days
to 6 days using Equation (2)5 , resulting in the following values (c2/do f = 1.38):
a1 = 0.65±0.08; a2 = 1.57±0.07 and Tbreak = 0.50±0.11 days.
The 0.3-10 keV light curve, also shown on Figure 3.1, has been corrected for
foreground and host NH absorption (NH = 4.0±0.9×1021 cm−2, see below) and dis-
5 Similar to our analysis of the afterglow of GRB 060729, we originally fit the optical and X-ray
data with the complete Beuermann Function (Beuermann et al. 1999), letting n vary. Again, the results
of our fit found n≈ 1, so we fixed n= 1 when performing the final fit.
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Figure 3.2 GRB 090618: Radio light curves at 2.3 GHz, 4.8 GHz, 8.46 GHz and 16
GHz, where upper limits are denoted by filled triangles. Also plotted are the derived
radio light curves for a spherical ( fn (t) µ t1/2) (dotted) and jet-like ( fn (t) µ t−1/3)
(solid) evolution of the afterglow.
plays the common “steep-shallow-steep” temporal behaviour (e.g., Nousek et al. 2006;
Zhang et al. 2006; Evans et al. 2009) seen for many other GRBs. The LC is quite fea-
tureless (i.e., no flares, etc), which is typical of other classical GRBs with confirmed
SNe (e.g., Figure 7 in Starling et al. 2010). The data at times greater than t− to = 0.006
days were fit with a broken power-law (Equation 2) resulting in the following values
(c2/do f = 1.17): a1 = 0.79±0.01; a2 = 1.74±0.04 and Tbreak = 0.48±0.08 days.
While the values of a2 derived from the optical and X-ray data are relatively similar,
they differ by ≈ 2s , which could be explained by the presence of a frequency break
(i.e., cooling break) between the two wavelength regimes (see section 3.2.3 and Figure
3.7).
We note that the post-break decay index of a < 2 is not “permitted” in the most
simple theories. However, shallow post-break decays are not a very rare phenomenon,
and several examples are seen in the literature (e.g. Zeh et al. 2006).
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The column density along the line of sight to the GRB within the host galaxy was
estimated from the absorption in the late time X-ray spectrum: the Galactic contribu-
tion, NH = 5.8× 1020 cm−2, was fixed to the value measured from 21cm line radio
surveys (Kalberla et al. 2005), while the intrinsic (GRB restframe) NH was found to
be NH = 2.7±0.3×1021 cm−2. The Galactic and intrinsic NH were obtained with the
tbabs (which allows the molecular hydrogen column to be varied) and ztbabs (similar
to tbabs but allows the redshift to be fixed) models under xspec respectively. Using
NH = 2.7±0.3×1021 cm−2 as the restframe column density we estimate the amount
of extinction expected at optical wavelengths using Equation (4) and Table 2 from
Pei (1992) for SMC interstellar dust parameters, finding a modest value of AV ≈ 0.29
mag. Similarly low values are also derived for MilkyWay (MW) and Large Magellanic
Cloud (LMC)-type templates.
The radio detections and upper limits are plotted in Figure 3.2. Also plotted are
our predicted radio LCs (see section 3.2.3). The radio detections are consistent with
a jet-like evolution of the afterglow into an ISM environment. The modelling of the
radio detections will be discussed further in section 3.2.4.
3.2.2
The Supernova
We measured the host magnitudes from our late-time WHT images (354.7 days) to
be Rc = 23.44± 0.06 and i = 23.22± 0.06. The flux contribution from the host was
mathematically subtracted from all epochs, after all of the magnitudes were converted
into fluxes using the zero-points from Fukugita et al. (1995). The resulting light curves,
which have been corrected for foreground extinction, are displayed in Figure 3.3, and
the quoted errors have been calculated in quadrature. Bumps are clearly detected in
both light curves.
We then subtracted the flux due to the GRB from the “host-subtracted” light curves
using Equation (2), producing the “SN” light curves shown in Figure 3.4. Also plot-
ted are the distance and extinction (foreground) corrected light curves of 1998bw and
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Figure 3.3 GRB 090618: Rc (red) and i (blue) light curves of the host-subtracted mag-
nitudes (see text), which have been corrected for foreground extinction. The solid
line is our model (afterglow and SN 1998bw-type SN). The afterglow is modelled
with a broken power-law with parameters: a1 = 0.65± 0.07; a2 = 1.57± 0.07 and
Tbreak = 0.50± 0.11 days, and the template SN (SN 1998bw) is dimmed by 0.75 and
0.5 mag in Rc and i respectively.
1994I. As was seen for the SN associated with 060729, the time evolution and bright-
ness of the SN associated with 090618 resembles more closely that of SN 1998bw6
than SN 1994I.
We find for the SN associated with GRB 090618 peak apparent magnitudes of
Rc = 23.45±0.14 and i= 23.00±0.09. These values, as well as the peak time, are in
good agreement with the values predicted by Dado & Dar (2010). Using the observer-
frame i-band magnitudes to approximate the restframe V -band magnitudes, as well as
our estimation of the restframe extinction (AV ∼ 0.3±0.1; see section 3.2.3), we find
MV = −19.75± 0.13, which is ∼ 0.3 mag brighter than SN 1998bw in the V -band
when host extinction is considered (see Table 5.1).
6 NB: We also considered comparing the accompanying SN with that of SN 2003dh, however it
was adjudged that this would not be a useful comparison as the LC of SN 2003dh is not smooth
like SN 1998bw as the afterglow of GRB 030329 was very bright and makes the actual evolution of
SN 2003dh difficult to accerately determine.
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Figure 3.4 GRB 090618: Rc (red) and i (blue) supernova light curves of the host and
GRB-subtracted (see text) magnitudes. Plotted for comparison are the light curves
of SN 1998bw (dashed) and SN 1994I (dot-dashed) plotted in the same colours, as
they would appear at z = 0.54. As seen for the 060729-SN, the brightness and time-
evolution of the 090618-SN resembles that of SN 1998bw rather than SN 1994I. All
magnitudes have been corrected for foreground and host extinction
.
Additional evidence for an association of a SN with GRB 090618 is the change in
Rc− i (of the afterglow, SN and host galaxy) over time (Figure 3.5). At early times a
blue colour is seen (Rc− i ≈ 0.1), which we attribute to the afterglow. However, over
time the colour index increases, which is not expected for an afterglow (i.e., solely
synchrotron radiation), but is indicative of a component of light coming from a core-
collapse supernova. At late times as light from the supernova fades away, the colour
index decreases and approaches that of the host galaxy (Rc− i≈ 0.22, which is typical
of GRB host galaxies, e.g., Savaglio et al. 2009, their Table 8).
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Figure 3.5 GRB 090618: Rc− i for the afterglow, SN and host. The observed colour
is not constant (as is expected for light from only a GRB) but increases with time.
Such behaviour would be expected if a component of the flux was coming from a
core-collapse SN. At late times the colour is that of the host galaxy (Rc− i≈ 0.22).
3.2.3
The Spectral Energy Distribution
The restframe X-ray to optical SEDs were determined for four epochs: t− to= 0.059,0.238,0.568
and 1.68 days7 . The times of their occurrence are highlighted on Figure 3.1 and are
referred to in Figure 3.6 as SED1 to SED4. For SED1, where there is no contempo-
raneous X-ray and optical data, the X-ray data have been interpolated to the time of
the optical observations. For all of the SEDs, the X-ray data have been derived from
a broader interval so as to collect enough photons, where a normalization coefficient
was determined and the interpolation performed through a power-law, which proved to
be a good approximation to the data.
The paucity of optical points prevents us from discriminating between the differ-
ent optical extinction profiles (i.e., MW, LMC & SMC), thus we considered only the
7 The SED fitting was performed by C. Guidorzi. Interpretation of the results of the SED fitting was
performed by the author.
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Figure 3.6 GRB 090618: Rest-frame X-ray to optical SEDs: SED1 (t− to = 0.059
days); SED2 (t− to = 0.238 days); SED3: (t− to = 0.568 days); SED4: (t− to = 1.68
days). The results of the SED modelling are: (1) small restframe dust extinction,
with AV ∼ 0.3± 0.1; (2) Each epoch is well fit by a broken power-law (i.e., with a
cooling break between the optical and X-ray energy bands) with boptical ∼ 0.5 and
bxray = boptical + 0.5; (3) the break frequency is clearly decreasing with time, which
indicates an ISM environment rather than a wind environment.
most successful template, i.e., an SMC-type template. The SEDs were fit using the
SMC dust extinction profile from Pei (1992) and combined with a parametrization of
the photometric cross-section to account for the soft X-ray absorption. They were then
applied to a range of models, in particular a simple power-law and a broken power-
law. The simple power-law case was immediately rejected. Taking the first epoch as
an example (similar behaviour was also seen in the other three epochs), the slope of
the optical points is bopt ≈ 0.3 while that of the X-rays is bX ≈ 1.0. These values are
not consistent with a common value for b . If the optical points had a larger value of b
than the X-ray, in principle the two values could be reconciled when considering dust
effects. However the opposite case is seen here, indicating the only way to reconcile
the two frequency regimes is by invoking a frequency break (i.e., cooling break, nc)
between the two.
Thus the optical and X-ray spectral indices, as well as the local extinction were
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Table 3.3 Best-fitting results to SED modelling for GRB 090618
SED T −To (days) boptical bxray nc (Hz) AV,rest (mag) c2/do f
SED1 0.06 0.64+0.02−0.01 1.14
+0.02
−0.01 3.9
+0.8
−1.2×10
17 0.24+0.09−0.09 1.0
SED2 0.24 0.55+0.06−0.07 1.05
+0.06
−0.07 5.4
+4.6
−3.5×10
16 0.24+0.09−0.09 0.96
SED3 0.57 0.48+0.06−0.06 0.98
+0.06
−0.06 1.6
+2.4
−1.0×10
16 0.33+0.09−0.09 0.92
SED4 1.68 0.50+0.10−0.11 1.00
+0.10
−0.11 7.6
+6.3
−6.2×10
15 0.24+0.09−0.09 0.96
allowed to vary during the fit. After comparison of the initial results it was seen that
the results of the fit for each epoch indicated a low value of the extinction, each with a
slightly different value. We thus constrained the extinction within the same range for
each epoch (as it is physically unlikely that the extinction would change from epoch to
epoch), taking the best determined value from SED3, and allowing it to vary within its
range (0.15 < AV < 0.42 mag) and re-fitted the other epochs. The best-fitting results
are displayed in Table 3.3.
The temporal evolution of the break frequency was also investigated (Table 3.3,
Column 5). Sari, Piran & Halpern (1999) have shown that the cooling frequency
evolves differently depending on the geometry of the afterglow: nc µ t−1/2 for a spher-
ical evolution, and nc ≈ constant in a jet-like evolution. It was seen from the X-ray
and optical light curves that a break occurred around t− to ≈ 0.5 days, thus SED1 and
SED2 occur before the break (i.e., spherical evolution), while SED3 and SED4 occur
after the break (i.e., a jet-like evolution). For the first two epochs, a power-law was fit
to the data (i.e., nc = A× tl ). The minimum value of the power-law index that can be
reasonably fit to the data is nc µ t−0.72±0.18 (c2/do f = 2.08), which is consistent with
that expected from theory. For the latter two epochs, the large uncertainties derived
from the SED fitting (Table 3.3) do not allow us to investigate whether the frequency
of the cooling break is still evolving or not, thus it can be constant as expected within
the derived errors.
The main conclusions we have drawn from the SED modelling are: (1) small
restframe dust extinction, with AV ≈ 0.3±0.1; (2) Each epoch is well fit by a broken
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Figure 3.7 GRB 090618: Rest-frame X-ray to radio SED at t− to = 1.68 days. The
typical synchrotron frequency has been estimated from our data, where the optical
and X-ray spectral indices have been found from the SED fitting to be: boptical = 0.5;
bx = boptical +0.5. We have used the theoretically-expected value of bradio = 1/3 and
found nm = 3.66×1011 Hz. The maximum flux was found to be Fmax = 1.43 mJy.
power-law (i.e., with a cooling break between the optical and X-ray energy bands) with
boptical ∼ 0.5 and bxray = boptical + 0.5; (3) the break frequency is clearly decreasing
with time, indicating an ISM environment rather than a magnetised wind environment
(as one expects the break frequency to increase in a magnetised wind environment.
This is because if the magnetic energy density decreases with time, like in a wind,
the synchrotron power also decreases, and thus nc increases. In an ISM environment,
which has a constant magnetic energy density, nc decreases as the electrons cool).
The results of the SED fitting appear quite typical of general afterglow broadband
spectra, as does its observed time evolution.
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3.2.4
The Jet-break, GRB energetics & Predicted Radio Light-Curves
The restframe 1−104 keV isotropic energy release in gamma-rays was determined by
Ghirlanda, Nava & Ghisellini (2010) in their Table 1: Eg,iso ≈ 2.57×1053 ergs.
A break was seen in the panchromatic LC (Figure 3.1), occurring at both optical
and X-ray wavelengths at t− to ∼ 0.5 days. If the break is interpreted in the context
of a single jet (double sided with sharp edges), using a simple model based upon the
standard theoretical framework (e.g., Rhoads 1997; Sari, Piran & Halpern 1999) and
assuming: (1) forward-shock emission; (2) synchrotron radiation; (3) adiabatic evolu-
tion of the afterglow; (4) no self-absorption; (5) canonical medium density of n ∼ 1
cm−3; and (6) an isotropic equivalent kinetic energy comparable to that observed in
gamma-rays, as well as the definition for q jet from Sari, Piran & Halpern (1999), we
estimate an opening angle of q jet ∼ 1.5o. This in turn implies a corrected, observed
gamma-ray emission of Eg,q ≈ 8.16× 1049 ergs. If the break is indeed due to a jet a
homogeneous ISM is favoured, as a clear break is not expected for a wind environment
(e.g., Kumar & Panaitescu 2000).
We have been fortunate with our contemporaneous radio detection at 4.86 GHz
at t− to = 1.68 days, and have modelled our radio, optical and X-ray data as the SED
shown in Figure 3.7. We have assumed a jet-like evolution of the afterglow for t− to >
0.5 days (i.e., f (t) µ t−1.57), and neglected effects due to self-absorption, as well as
assuming fn µ n 1/3 for frequencies below the typical frequency (i.e., n < nm). From
our SED modelling at t− to = 1.68 days we find nsa ≤ nradio < nm < noptical < nc <
nxray and have estimated the typical synchrotron frequency from our data to be nm =
3.66× 1011 Hz and the peak flux to be Fmax = 1.43 mJy (Figure 3.7). Using our
above assumptions, as well as the derived energetics of the GRB, we have calculated
the expected typical frequency of the synchrotron photons and compared it with the
observationally-derived value. In the case where the magnetic field energy density
is of order the electron energy density (i.e., eB ≈ ee) we estimate eB ≈ ee ≈ 0.045.
Alternatively, if eB ≈ 0.1ee, we estimate eB ≈ 0.007 and ee ≈ 0.07. Additionally, if we
77
3. GRB 090618
use the value of the cooling/break frequency at t− to = 1.68 days (nc = 7.6+6.3−6.2×1015
Hz) that was derived from the SED modelling to estimate eB and the medium density
n, we derive eB ≈ 0.001 if we assume n ≈ 1. Alternatively, if we assume eB ≈ 0.01,
we derive a medium density n ≈ 0.05 proton cm−3. These micro-physical values are
similar to the assumed values used in the literature (e.g., Zhang et al. 2006).
Using our simple model we have neglected self-absorption effects. However, this
assumption may not be completely reasonable, and the effect of self-absorption would
result in a lower typical frequency and a higher peak flux. We calculate, using typical
values of the micro-physical parameters as well as the definition for nsa from Granot,
Piran & Sari (1999), a restframe self-absorption frequency of n ≈ 2.25× 1010 Hz,
which is located in the radio frequency range of our detections.
Assuming that the afterglow has a jet-like evolution after ≈ 0.5 days, we can
estimate the electron energy distribution index p from the optical and X-ray LCs by
assuming t−p (i.e., a = p) after the break (Sari, Piran & Halpern 1999). The optical
data imply p ≈ 1.6 and the X-ray data imply p ≈ 1.75. These values are consistent
with derived values of p before the break (i.e., for a spherical evolution of the fireball).
Using the X-ray data before the break (i.e., t−3p/4+1/2 above the cooling frequency),
the electron index is found to be p ≈ 1.72, while from the optical data before the
break (i.e., t−3(p−1)/4 below the cooling frequency), the value of a implies p ≈ 1.87.
While these values are lower than the predicted universal value of p∼ 2.2−2.3 (Kirk
et al 2000; Achterberg et al. 2001), our derived value of p can be accommodated,
when it is considered that p cannot have a single value for all GRBs (e.g., Kann et
al. 2006; Shen et al. 2006; Starling et al. 2008; Curran et al. 2010), but has a wide
range of possible values (e.g., Curran et al. 2010 used X-ray spectral indices of GRB
afterglows to parametrize the underlying distribution of p, finding the range consistent
with a Gaussian distribution centered on p = 2.36 and having a width of 0.59. Our
derived value of p≈ 1.7−1.8 falls at the lower end of this distribution).
The initial Lorentz factor of the ejecta can be estimated by considering the decel-
eration time. Assuming that the onset of the afterglow is masked by the steep decay
component (i.e., the tail of the prompt emission), using the definition from Sari & Pi-
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ran (1999), and correcting for observer time, we estimate an initial Lorentz factor of
go > 100.
The derived radio light curves are shown in Figure 3.2, where the flux scalings
have been derived from the X-ray to radio SED at t− to = 1.68 days (Figure 3.7).
Both a spherical ( fn (t) µ t1/2) and jet-like ( fn (t) µ t−1/3) evolution of the afterglow
are considered, and we conclude that all of the radio observations can be suitably
explained by a jet-like evolution of the fireball, though we note that the scarcity of
radio detections limits our ability to confidently determine the actual evolution of the
afterglow beyond doubt.
SECTION 3.3
Conclusions
We have presented optical, X-ray and radio data for GRB 090618. The large optical
dataset has allowed us to clearly detect supernova bumps in the Rc- and i-band LCs. As
for GRB 060729, we attributed light coming from three sources: (1) the afterglow, (2)
the supernova, and (3) the host galaxy. This time, we have not been able to carry out
image-subtraction on our optical images, however we have measured the host bright-
ness at late times (i.e. well after the GRB and SN have faded away), converted the host
magnitudes into fluxes, and subtracted them from the earlier observations, producing
LCs of just the OT (Figure 3.3). We then modeled the early-time optical data to de-
termine the rate at which the afterglow faded, and then subtracted this model from the
OT LC to obtain “afterglow-subtracted”, supernova light curves (Figure 3.4).
We used the value of the restframe extinction determined from the optical-to-
X-ray SEDs (Figure 3.6) to determine the peak, restframe, absolute V -band mag-
nitude of the associated SN. We found peak apparent magnitudes of the SN to be
Rc = 23.45± 0.08 and i = 23.00± 0.06, which at a redshift of z = 0.54, corresponds
to MV =−19.75±0.13, which is ∼ 0.3 mag brighter than SN 1998bw in the V -band.
In addition to constraining the restframe extinction using our optical-to-X-ray
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SEDs, we also concluded that: (1) each epoch was well described by a broken power-
law, with a cooling break between the optical and X-ray energy bands, and (2) the
cooling frequency clearly decreased in time, indicating an ISM environment (rather
than a wind environment). These conclusions, coupled with the results of modeling
the radio data, where we found that the observations were consistent with a jet-like
evolution of the fireball, support the notion that GRB 090618 is typical of other long,
soft GRBs.
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XRF 100316D / SN 2010bh
XRF 100316D was detected by Swift on the 16th March, 2010 at 12:44:50 UT. The
redshift was measured to be z = 0.0591± 0.0001 (Vergani et al. 2010a; Starling et
al. 2011; Chornock et al. 2010). Spectroscopy presented by Chornock et al. (2010)
revealed similar behaviour to previous GRB-SNe, where the spectra are featureless
during the first few days, and with the emergence of broad spectral features after sev-
eral days. As for other GRB-SNe, Chornock et al. (2010) reported that there was no
evidence for helium in their spectroscopy, indicating that the progenitor is a highly-
stripped star. However, spectroscopy taken by Bufano et al. (2011) revealed a broad
He absorption feature at 10830A˚, a spectral line that has only been observed one other
time in a GRB-SNe (SN 1998bw, Patat et al. 2001). Bufano et al. (2011) also detected
He in their early spectra at 5876A˚. These detections of He indicate that the progen-
itor star still retained at least a small fraction of its He envelope prior to explosion,
indicating that SN 2010bh is a type Ibc SNe.
Starling et al. (2011) found that the high-energy properties of XRF 100316D /
SN 2010bh are quite different from those of other GRB-SNe, but are similar to the
high energy properties of XRF 060218 / SN 2006aj. Starling et al. (2011) showed in
the X-ray spectrum at 144 s ≤ t− to ≤ 737 s the presence of a soft, hot, black-body
component that contributes ≈ 3% to the total 0.3− 10.0 keV flux (though see also
Fan et al. 2011 who claim that both a Cutoff Power-law model or a Cutoff Power-law
4. XRF 100316D / SN 2010bh
model + black-body component provide equally acceptable fits). The presence of the
black-body component (kT = 0.14 keV; T ≈ 1.6× 106 K) is similar in temperature
to the soft, hot, black-body component seen in the X-ray spectrum of XRF 060218 /
SN 2006aj (kT ≈ 0.17 keV; T ≈ 2.0×106 K; Campana et al. 2006).
A detailed discussion of the host galaxy metallicity at the explosion site of SN 2010bh
was performed by Levesque et al. (2011). The authors presented evidence, which was
also reported by Chornock et al. (2010) and Starling et al. (2011), that SN 2010bh
occurred in a star-forming region of the host galaxy that has a star-formation rate of
∼ 1.7M� yr−1 (at the site of the supernova) and low metallicity (Z ≤ 0.4Z�; Chornock
et al. (2010), Levesque et al. (2011)).
In this chapter we present in Section 4.1 optical and infrared photometry of XRF
100316D / SN 2010bh obtained on FTS, Gemini-S and HST. In Section 4.2 we use our
optical light curves (LCs) to derive the peak optical properties of SN 2010bh, show-
ing that SN 2010bh evolves much quicker than SN 1998bw, and at a rate similar to
SN 2006aj. We also discuss in Section 4.2.4 the origin of the flux at t− to = 0.598
days, concluding that it is not synchrotron but is likely coming from the shock break-
out. In Section 4.3 we make an estimate of the rest frame extinction, and derive peak
absolute magnitudes of SN 2010bh. In Section 4.4 we use our optical and infrared
(IR) photometry, along with our estimation of the host extinction, to construct the
bolometric light curve, and use an analytical model to extract physical parameters
of the SN. In Section 4.5 we discuss SN 2010bh in relation to SN 2006aj, as well
as other GRB-SNe and local type Ic SNe that were not accompanied by a GRB. In
the discussion we investigate the light curve properties of most of the spectroscopi-
cally and photometrically-linked GRB-SNe. By making simple assumptions, we ob-
tain host- and afterglow-subtracted “supernova” light curves, and compare them with
SN 1998bw, deriving stretch (s) and luminosity (k) factors of the GRB-SNe in relation
to SN 1998bw. We then check for a correlation between the stretch and luminosity
factors, concluding that no statistically-significant correlation exists.
Throughout this chapter foreground reddening of E(B−V ) = 0.117 mag has been
corrected for using the dust maps of Schlegel, Finkbeiner & Davis (1998).
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SECTION 4.1
Observations & Photometry
4.1.1
Data Acquisition & Calibration
Faulkes Telescope South & Gemini-South
We obtained forty-one epochs of photometric data between March and May 2010
using the 2m FTS. Observations were made using the 4.6� x 4.6� field of view Merope
Camera in filters BVRci. A 42nd and final epoch of observations was made in December
2010 in all filters, which were used as template/reference images for image subtraction
(see Section 2.2). Images were also taken of Landolt photometric standard regions
(Landolt 1992) in BVRci on the 2nd of May, 2010 using the Spectral Camera, which
with its wider field of view (10.5� x 10.5�), allowed us to calibrate over 140 secondary
standards in the field of XRF 100316D. Subsequent observations made on Gemini-S
and HST are calibrated to these secondary standards.
Five epochs of photometric data were obtained on Gemini-S1 in filters griz, the
first starting only ≈ 0.5d after the initial burst. A final epoch was obtained on the
28th of January, 2011 in all filters, which were used as template images for image
subtraction (see Section 2.2).
Hubble Space Telescope
We obtained five epochs of photometric data with HST , using the Wide Field
1 The data presented here supersedes those published in the GCN Circulars: GCNs 10513 (Vergani
et al. 2010b); 10523 (Levan et al. 2010); 10525 (Wiersema et al. 2010).
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Camera 3 (WFC3). The first three epochs of data were obtained in filters F336W ,
F555W , F814W , F125W and F160W , while the fourth epoch yielded images in fil-
ters F336W , F555W , F814W , and the fifth epoch in filters F555W and F814W .
We find for the optical transient (OT) associated with XRF 100316D a position of:
07h10m30.54s(±0.02)s, −56d15
�
19.80
��
(±0.10)
��
.
Aperture photometry was performed on the HST images using an aperture of ra-
dius 2 pixels and standard routines in IRAF2 . A small aperture was used, and an aper-
ture correction for an isolated star was computed and applied. The aperture-corrected,
instrumental magnitudes were then calibrated via standard star photometry to sec-
ondary standards in the field of XRF 100316D. Images taken in filters F555W and
F814W are calibrated respectively to filters V and i using a zero-point and a colour
term. The remaining filters are calibrated to AB magnitudes using the appropriate AB
zero-point for each filter that are listed in the WFC3 instrument and data-handbook.3
The HST magnitudes, which have been corrected for foreground extinction, are listed
in Table 4.1. The quoted errors, which are added in quadrature, are derived from the
uncertainties associated with the photometry and calibration.
4.1.2
Image Subtraction
Using ISIS (Alard 2000), we performed image subtraction on the FTS and Gemini-S
images, using the last epoch of images taken in each filter and on each telescope as the
respective templates. Subtracting the template from the early FTS images gave a clear
detection of the optical transient (OT) and an accurate position, and the same was also
observed for the Gemini-S images.
Aperture photometry was then performed on the subtracted images using a small
aperture and an aperture correction was computed from the pre-subtracted images and
2 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
3 http://www.stsci.edu/hst/wfc3
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Table 4.1 HST Photometry of XRF 100316D / SN 2010bh
Filter t− to (days) Mag s (mag) Calibrated to
F336W 8.650 21.86 0.06 AB
F336W 15.810 22.80 0.08 AB
F336W 24.860 23.56 0.11 AB
F336W 47.340 24.05 0.14 AB
V 8.663 19.50 0.01 Vega
V 15.822 19.81 0.01 Vega
V 24.869 20.52 0.02 Vega
V 47.352 21.63 0.03 Vega
V 137.490 23.07 0.08 Vega
i 8.675 19.00 0.01 AB
i 15.844 19.12 0.01 AB
i 24.881 19.59 0.01 AB
i 47.370 20.87 0.02 AB
i 137.518 22.70 0.06 AB
F125W 8.720 19.89 0.07 AB
F125W 15.870 20.09 0.07 AB
F125W 25.480 20.10 0.07 AB
F160W 8.730 19.93 0.08 AB
F160W 15.880 20.18 0.08 AB
F160W 25.520 20.32 0.07 AB
All magnitudes have been corrected for foreground extinction.
applied. The instrumental magnitudes obtained from the FTS subtracted images are
calibrated to BVRci. The Gemini-S subtracted images taken in filters griz are cali-
brated to BRciz respectively. Images in filters gr are calibrated using a zero-point and
a colour term, while images taken in i are calibrated using only a zero-point. Mag-
nitudes of the secondary standards in z are computed using transformation equations
from Jester et al. (2005), and the Gemini-S data are calibrated to these using a zero-
point. All of the image-subtracted, foreground-corrected magnitudes obtained from
the FTS and Gemini-S data are displayed in Table 4.2, where the quoted errors (added
in quadrature) are determined from the photometry and calibration.
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Table 4.2 Ground-based Photometry of XRF 100316D / SN 2010bh
Filter t− to (days) Mag s (mag) Calibrated to Telescopea
B 0.60 20.45 0.03 Vega GS
B 3.49 20.53 0.01 Vega GS
B 5.47 20.22 0.01 Vega GS
B 7.06 20.25 0.05 Vega FTS
B 7.94 20.14 0.03 Vega FTS
B 9.96 20.13 0.03 Vega FTS
B 10.97 20.19 0.06 Vega FTS
B 16.99 21.18 0.07 Vega FTS
B 17.86 21.30 0.05 Vega FTS
B 19.96 21.44 0.13 Vega FTS
B 22.99 21.83 0.11 Vega FTS
B 25.96 21.88 0.16 Vega FTS
B 30.97 22.27 0.10 Vega FTS
B 33.91 22.09 0.14 Vega FTS
V 5.01 19.64 0.02 Vega FTS
V 7.09 19.49 0.03 Vega FTS
V 7.96 19.48 0.02 Vega FTS
V 8.94 19.47 0.02 Vega FTS
V 9.97 19.47 0.03 Vega FTS
V 17.00 19.91 0.04 Vega FTS
V 17.90 19.96 0.02 Vega FTS
V 19.01 20.03 0.07 Vega FTS
V 23.03 20.29 0.04 Vega FTS
V 25.94 20.61 0.04 Vega FTS
V 35.42 21.16 0.06 Vega FTS
Rc 0.47 20.21 0.01 Vega GS
Rc 1.47 20.09 0.01 Vega GS
Rc 2.03 20.03 0.03 Vega FTS
Rc 2.46 19.96 0.01 Vega GS
Rc 2.89 19.87 0.02 Vega FTS
Rc 3.49 19.77 0.01 Vega GS
Rc 5.00 19.47 0.02 Vega FTS
Rc 5.47 19.46 0.01 Vega GS
Rc 7.89 19.33 0.02 Vega FTS
Rc 9.07 19.29 0.02 Vega FTS
Rc 11.02 19.33 0.02 Vega FTS
Rc 11.99 19.32 0.04 Vega FTS
Rc 16.05 19.49 0.04 Vega FTS
Rc 17.02 19.52 0.02 Vega FTS
Rc 19.92 19.71 0.02 Vega FTS
Rc 22.98 19.83 0.02 Vega FTS
Rc 25.96 20.07 0.03 Vega FTS
Rc 29.94 20.54 0.04 Vega FTS
Rc 33.90 20.83 0.04 Vega FTS
Rc 36.90 21.08 0.07 Vega FTS
Rc 37.99 21.20 0.13 Vega FTS
Rc 45.92 21.36 0.08 Vega FTS
Rc 48.87 21.45 0.07 Vega FTS
Rc 54.85 21.57 0.07 Vega FTS
Rc 57.36 21.64 0.07 Vega FTS
i 0.48 20.04 0.01 AB GS
i 3.50 19.44 0.01 AB GS
i 5.00 19.14 0.02 AB FTS
i 5.48 19.12 0.01 AB GS
i 8.97 19.04 0.01 AB FTS
i 16.03 19.12 0.03 AB FTS
i 17.01 19.18 0.02 AB FTS
i 18.96 19.27 0.05 AB FTS
i 19.94 19.34 0.02 AB FTS
i 23.01 19.55 0.03 AB FTS
i 25.98 19.59 0.05 AB FTS
i 33.89 20.26 0.08 AB FTS
i 37.01 20.63 0.08 AB FTS
i 46.46 20.85 0.07 AB FTS
i 49.39 20.99 0.06 AB FTS
i 56.89 21.20 0.09 AB FTS
z 0.47 19.91 0.11 AB GS
z 3.49 19.40 0.01 AB GS
z 5.47 19.15 0.01 AB GS
aTelescope key: FTS: 2m Faulkes Telescope South; GS: 8.1m Gemini-South Telescope.
All magnitudes have been corrected for foreground extinction.
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Table 4.3 Gemini-S Host Photometry of XRF
100316D / SN 2010bh
Filter Mag s (mag) Telescope
g 17.40 0.08 Gemini-S
r 17.14 0.07 Gemini-S
i 17.07 0.06 Gemini-S
z 17.03 0.06 Gemini-S
All magnitudes have been corrected for
foreground extinction.
4.1.3
Host Photometry
As already noted by Starling et al. (2011), the host galaxy system of XRF 100316D
/ SN 2010bh has a highly disturbed morphology, with a bright central region, a pos-
sible spiral arm and a number of bright knots (see Figure 8 in Starling et al. 2011).
SN 2010bh is located on top of a bright knot close to the bright central region, which is
perhaps the galactic nucleus. In our final epoch of Gemini-S images, the host-complex
appears as a blended, elliptical object due to the lower resolution of Gemini-S relative
to HST.
We have performed photometry on the final Gemini-S images using SExtractor
(Bertin &Arnouts 1996). We obtained (1) corrected isophotal magnitudes (MAG ISOCOR),
and (2) Kron-like elliptical aperture magnitudes (MAG AUTO), with the best of these
values being used (MAG BEST). The host magnitudes in filters griz have been cal-
ibrated to secondary standards in the field of XRF 100316D, where the magnitudes
of the secondary standards in filters grz are computed using transformation equations
from Jester et al. (2005), and the host photometry is calibrated to these using a zero-
point. The Gemini-S photometry, which has been corrected for foreground extinction,
is listed in Table 4.3, where the quoted errors of the Gemini-S magnitudes are added
in quadrature and are derived from the photometry and calibration.
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SECTION 4.2
Optical & Infrared Light Curves and colour curves
4.2.1
Light Curves
The template-subtracted light curves of XRF 100316D / SN2010bh, which have been
corrected for foreground and host extinction (see Section 4.3), are displayed in Figure
4.1. Plotted for comparison are the multi-wavelength light curves of two known GRB-
SNe: SN 1998bw and SN 2006aj, as well as SN 1994I which is a local type Ic SN that
was not associated with a GRB. All of the comparison light curves have been shifted
in magnitude to match SN 2010bh around maximum light. No other changes have
been made to the light curves apart from the light curves of SN 1998bw, which have
been stretched in each filter by the values listed in Table 4.5 (see Section 3.5), and the
early-time data (t− to < 3 days) for SN 2006aj, for which the light was dominated by
flux coming from the very bright shock break-out, was not included to avoid confusion
between different filters. The stretch-factors have been applied to SN 1998bw for
clarity.
The peak times and magnitudes in each filter are estimated from low-order poly-
nomial fits. We have determined that SN 2010bh peaked at t− to = 8.02±0.12 days in
the B filter, and at subsequently later times in the redder filters. The quoted errors are
statistical and are determined from the distribution of peak times determined from the
different order polynomials. The behaviour of the LC peaking at later times in redder
filters is typical behaviour for a core-collapse SNe, and SN 2010bh appears no differ-
ent in this respect. The main photometric parameters of XRF 100316D / SN 2010bh
in filters BVRci are presented in Table 4.4.
Comparing the optical light curves of SN 2010bh with those of SN 2006aj, it
appears they evolve at roughly the same rate in the B filter. However it appears that
the U-band light curve of SN 2006aj evolves faster than SN 2010bh, while in the
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Figure 4.1 UBVRciJH light curves of XRF 100316D /SN 2010bh (solid points
(ground-based data) and filled squares (HST)). Plotted for comparison are the light
curves of two known GRB-SNe: SN 1998bw (Galama et al. 1998a; Patat et al. 2001;
Sollerman et al. 2000) and SN 2006aj (Campana et al. 2006; Sollerman et al. 2006;
Ferrero et al. 2006), as well as a local SN that is not associated with a GRB: SN 1994I
(Richmond et al. 1996). All of the SN 2010bh light curves have been corrected for
foreground and host extinction. The light curves of the comparison SNe have been
shifted by different amounts in each filter to match in peak brightness. No other
changes have been made to the light curves apart from the light curves of SN 1998bw
which have been stretched in each filter by a factor of ∼ 0.6 (see Table 4.5) and the
early-time data (t− to < 3 days) for SN 2006aj, for which the light was dominated by
flux coming from the shock break-out, was not included to avoid confusion between
different filters.
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Table 4.4 Main Photometric parameters of XRF 100316D / SN 2010bh
B V Rc i
peak apparent magnitude 20.13±0.08 19.47±0.08 19.29±0.08 19.05±0.08
peak absolute magnitude −18.27±0.08 −18.62±0.08 −18.60±0.08 −18.62±0.08
Tpeak (days) 8.02±0.12 8.86±0.07 11.18±0.05 11.21±0.22
An ,fore+host (mag) 1.32±0.08 1.01±0.08 0.81±0.08 0.59±0.08
Æm15 (mag) 1.80±0.14 0.95±0.10 0.90±0.05 0.77±0.20
Apparent magnitudes are not corrected for foreground or host extinction.
Absolute magnitudes are extinction corrected (foreground & host).
redder V , Rc and i filters it evolves more slowly. It is also worth noting that the U-
band measurement of SN 2010bh at t− to = 24.8 days is ≈ 0.5 mag brighter than the
shifted LC of SN 2006aj, and perhaps even more at t− to = 47.3 days. As the fluxes
are measured in a fixed, and albeit small, aperture, the flux we are detecting is from
both the SN and the underlying host galaxy. When performing photometry on the third
and fourth epochU-band images, it appears that the background/host flux is becoming
dominant and affecting the overall shape of the LC, (i.e. making it appear that it is
fading slower than is expected).
4.2.2
Colour Curves
The colour curves of SN 2010bh are plotted in Figure 4.2, and have been corrected
for foreground and host extinction (see Section 4). Plotted for comparison are the
colour curves of GRB-SNe 1998bw and 2006aj, as well as local SN 1994I, all of
which have been corrected for foreground and host extinction using the values quoted
in the literature: SN 1994I: E(B−V )total = 0.45 mag (Richmond et al. 1996; Iwamoto
et al. 1996; though see Sauer et al. 2006 who find E(B−V ) = 0.30 mag from spectral
modelling); SN 1998bw: E(B−V )total = 0.07 mag (Patat et al. 2001); SN 2006aj:
E(B−V )total = 0.14 mag (Sollerman et al. 2006; though see Campana et al. 2006
who find E(B−V )host = 0.20 mag from their UVOT obsverations.). No other changes
have been made to the colour curves apart from those of SN 1998bw, which have been
stretched by s= 0.63 in B−V andV−Rc and by s= 0.61 in Rc− i (see Table 4.5). The
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Figure 4.2 Colour curves of XRF 100316D/SN 2010bh, which are corrected for fore-
ground and host extinction. Plotted for comparison are the colour curves of known
GRB-SNe: 1998bw and 2006aj as well as local type Ic SN 1994I that was not accom-
panied by a GRB trigger. No other changes have been made to the colour curves apart
from those of SN 1998bw, which have been stretched by s= 0.63 in B−V and V −R
and by s= 0.61 in Rc− i (see Section 3.5). The stretch factors, which are the average
values of s determined in the individual filters, have been applied so as to present a
consistent analysis of the properties between SN 2010bh and SN 1998bw.
stretch factors, which are the average values of s determined in the individual filters (i.e.
s = 0.62,0.64 for respective filters B and V ; thus the average value is s = 0.63), have
been applied so as to present a consistent analysis of the properties between SN 2010bh
and SN 1998bw (i.e. as the stretch factors were also applied to the LCs of SN 1998bw
in Figure 4.1).
Starting before maximum light, all of the colours of SN 2010bh become red-
der over time, with similar behaviour seen in the comparison SNe. Additionally,
SN 2010bh appears to be redder than SN 1998bw and SN 1994I in the pre-maximum
phases, while in the post-maximum phase SN 2010bh appears to have colours similar
to those seen in SN 1994I.
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4.2.3
Æm15
We have determined the Æm15 parameter (i.e. the amount that the light curve fades
by from peak to fifteen days later) of the BVRci light curves of XRF 100316D /
SN 2010bh. We have used low-order polynomials to determine the peak times of
each light curve, and in turn the Æm15 parameter. It is seen that the light curves decay
more slowly in the redder filters, with theÆm15 parameter in filters BVRci, respectively,
being 1.80± 0.14, 0.95± 0.10, 0.90± 0.05 and 0.77± 0.20 (which are also listed in
Table 4.5). The uncertainties in theÆm15 parameters are derived from the uncertainties
in determining the peak times from the photometry, which, for example, in the i band
are less certain due to the sparseness of photometry around and just after the peak, as
well as from the distribution of the peak times determined from fitting different order
polynomials.
The V - and R-band values of Æm15 measured for SN 2010bh are somewhat larger
(i.e. fade faster) than the average values measured for a sample of local Ibc SNe ob-
served in the V band and R band by Drout et al. (2011) (their Table 4). It is also seen
that SN 2010bh fades faster, on average, than Ia SNe in the B-band (e.g. Phillips 1993;
Riess et al. 1998).
4.2.4
Shock Break-out or optical afterglow?
The break-out of the blast/shock-wave and/or emission coming from the shock-heated
stellar envelope, has been detected in both type Ibc and type II SNe, including: type IIp
SN 1987A (Early peaks in optical LCs: Hamuy et al. 1988, and P Cygni-like feature
around 1500A˚ in UV light echo off of a dust cloud ∼ 300 pc from the SN: Gilmozzi
& Panagia 1999); type IIb SN 1993J (Early peak in optical light curves: Wheeler et
al. 1993, Schmidt et al. 1993, Richmond et al. 1994, Lewis et al. 1994); type Ibc
SN 1999ex (early optical peaks: Stritzinger et al. 2002); type IIP SNe SNLS-04D2dc
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Figure 4.3 B-band light curve of XRF 100316D / SN 2010bh (blue points), which has
been corrected for foreground and host extinction. Plotted for comparison are the B-
band light curves of two known GRB-SNe: 1998bw and 2006aj. The light curves of
the comparison SNe have been shifted by different amounts in each filter to match in
peak brightness. No other changes have been made to the light curves apart for the light
curves of SN 1998bw which have been stretched by a factor s = 0.62 (see Table 4.5).
It is seen that SN 2010bh did not increase linearly in brightness from first detection
like SN 1998bw, and at t− to = 0.59 days is of comparable brightness as the shifted
light curve of SN 2006aj.
& SNLS-06D1jd (UV-flash: Gezari et al. 2008); type IIP GALEX supernova SNLS-
04D2dc (UV-flash: Schawinski et al. 2008); type IIn PTF 09UJ (UV-flash: Ofek et al.
2010); and type IIP SN 2010aq (early UV & optical peaks: Gezari et al. 2010).
One SN in particular has been the subject of much interest and debate when in-
trepreting the high energy properties of the event. SN 2008D (Modjaz et al. 2008;
Soderberg et al. 2008; Mazzali et al. 2008; Malesani et al. 2009) occurred in nearby
galaxy NGC 2770 while Swift was observing SN 2007uy within the same galaxy. The
resultant high-energy emission detected by Swift was interpreted differently in the lit-
erature, with the hot, black-body X-ray spectrum & early peak in optical LC being
intrepreted by Soderberg et al. 2008 as being due to the shock break-out, while Maz-
zali et al. (2008) suggests that the emission is due to a “choked” jet. Interestingly, a
recent paper by Van der Horst et al. (2011) has perhaps put the debate to rest. Using
observations of the radio emission of SN 2008D during the first year after the explo-
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Figure 4.4 Spectral Energy Distributions (SEDs) of XRF 100316D / SN 2010bh over
the first 8.6 days. All photometry has been corrected for foreground and host extinc-
tion. The first five epochs (t− to≈ 0.5, 1.5, 2.5, 3.5 and 5.5 days) are from the Gemini-
S detections, while the SED at t− to = 8.5 days is from the first HST data. The power-
law index (i.e. Fn µ n b ) of the first SED is b = +0.94± 0.05; c2/d.o.f = 2.17/2
(best-fitting line not plotted). The slope of the spectrum is steeper than that expected
for light emitted as synchrotron radiation, where, when neglecting effects due to self-
absorption, a maximum value of b =+1/3 is allowed in synchrotron theory (e.g. Sari
et al. 1998). Thus, the origin of light is not expected to be synchrotron but rather is
coming from the shock break-out from the stellar surface and dense stellar wind.
sion, the authors showed that there was no evidence of a relativistic jet contributing
to the observed radio flux, thus strongly suggesting that the high-energy emission was
due to the shock break-out and not to a GRB- or XRF-like event.
Emission coming from the shock-heated, expanding stellar evelope as also been
detected in GRB/XRF-SNe, though the topic is still contentiously debated in the liter-
ature. For XRF 060218, the hot, black-body X-ray spectrum & early peak in UV and
optical LCs was interpreted by Campana et al. 2006 (C06 here-on), and later Wax-
man et al. (2007), as being due to the shock break-out. However, the emission was
intrepreted by Ghisellini et al. (2006) as being due to a relativistic jet.
Figure 4.3 shows the B-band LC of SN 2010bh, which has been corrected for
foreground and host extinction. Plotted for comparison are the light curves of two
GRB-SNe: 1998bw and 2006aj, which have been shifted to match SN 2010bh in peak
brightness, and the LC of SN 1998bw has also been stretched by a factor s= 0.62 (see
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Table 4.5).
Upon inspection, similarities between SN 2010bh and SN 2006aj are seen in the
early-time LC, where a bright component is detected at t− to = 0.598 days. The mag-
nitude at this epoch is similar to that at t− to = 3.489 days, indicating that SN 2010bh
did not increase linearly in brightness from detection, as was seen for SN 1998bw. In
the case of SN 2006aj, early peaks in the UV and optical LCs (t− to ≤ 104 s) were ex-
plained by C06 as light coming from the low energy tail of the thermal X-ray emission
(see below) produced by the radiation shock driven into the stellar wind. At later times,
the optical and UV emission is attributed to the expanding envelope of the progenitor
star that is heated as the shock-wave passes through it. Initially the envelope is opaque
due to the dense stellar wind, but as the star and wind expands, the photosphere prop-
agates inward exposing the shocked stellar material. For SN 2010bh, though we are
not able to ascertain the exact shape of the early B-band light curve due to the paucity
of our early-time observations, it is not unreasonable to envision a scenario similar to
that observed for SN 2006aj in which the brightness of the flux at this early epoch is
due to flux coming from the shock-heated, expanding stellar envelope.
In addition to the bright B-band detection, inspection of the spectral energy distri-
bution (SED) at this epoch, which has been corrected for foreground and host extinc-
tion, gives additional clues to the origin of the flux. At the first epoch the SED is very
blue and does not resemble the shape of the SEDs at later times (see Fig 4.4).
To determine whether the flux at this time is synchrotron in origin, the optical
SED was fit with a power-law (i.e. Fn µ n b ), for which we find b = +0.94± 0.05
(c2/d.o.f = 2.17/2). The slope of the spectrum is harder than that expected for light
emitted as synchrotron radiation, where, when neglecting effects due to self-absorption
(see below), a maximum value of b = +1/3 is allowed (e.g. Sari et al. 1998). Thus,
the shape of the SED at this early epoch is consistent with emission coming from the
shock-heated stellar envelope.
Additionally, we have constructed SEDs for SN 2006aj at t− to = 0.50 days and
0.75 days and fit them with a single power-law. Quite interestingly, at t− to = 0.50
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days we find b = +0.97± 0.05 (c2/d.o.f = 2.13/2), while at t− to = 0.75 days we
find b = +0.94± 0.03 (c2/d.o.f = 2.03/2). These values for the spectral index are
akin to that found for SN 2010bh at a similar epoch, and are both harder than that
expected for synchrotron radiation.
The assumption that the optical flux is above the self-absorption frequency (na)
cannot be proved with our current set of observations, however it has been seen in other
GRB events that the synchrotron self-absorption frequency at typical observing epochs
of about 1 day after the GRB is expected to be of order ∼ 109−1010 Hz (i.e. at radio
frequencies). In the literature there are several events where there has been enough
multi-wavelength observations to determine the self-absorption frequency, including:
GRB 970508: na ∼ 3× 109 Hz (Granot et al. 1999); na ∼ 2.5× 109 Hz (Galama
et al. 1998); GRB 980329: na ∼ 13× 109 Hz (Taylor et al. 1998); GRB 991208
na ∼ 4− 11× 109 Hz (Galama et al. 2000). As the frequency range of the optical
observations lie between∼ 3−10×1014 Hz (i.e. ∼ 104−105 times higher frequency),
it is unlikely that the optical observations suffer from self-absorption effects.
Further evidence that the light at t− to = 0.598 days is coming from the shock-
heated stellar envelope is the analysis performed by Starling et al. (2011) on the X-ray
spectrum at 144 s ≤ t− to ≤ 737 s. The authors found evidence for a soft, hot, black-
body component that contributes ≈ 3% to the total 0.3− 10.0 keV flux (though see
also Fan et al. 2011 for a different interpretation). With this in mind, the presence
of the black-body component, with kT = 0.14 keV (T ≈ 1.6× 106 K) is similar in
temperature to the soft, hot, black-body component seen in the X-ray spectrum of
XRF 060218 / SN 2006aj (kT ≈ 0.17 keV; T ≈ 2.0×106 K; C06).
According to C06, the thermal component is key to understanding XRF 060218. It
is known that the signature of shock break-out is a hot black-body X-ray spectrum im-
mediately after the explosion, and C06 argued that the hot temperature of the thermal
X-ray component is indicative of radiation emitted by a shock-heated plasma. Further-
more, the characteristic radius of the emitting region was ∼ 5× 1012 cm (Waxman el
al. 2007 also find the emitting region to be at a radius of 7.8×1012 cm), which though
quite large, (i.e. of order of the radius of a blue supergiant), was explained by C06 and
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Waxman et al. (2007) by the presence of a massive, dense stellar wind surrounding the
progenitor, which is common for Wolf-Rayet stars (the supposed progenitors of type
Ibc SNe and possibly long-duration GRBs). Both authors argue that the thermal radi-
ation is observed once the shock, that is driven into the wind, reaches a radius where
the wind becomes optically thin.
For XRF 100316D / SN 2010bh, the temperature of the black-body component in
the X-ray spectrum implies an emitting radius of ∼ 8× 1011 cm, which is almost an
order of magnitude larger than the radius of a Wolf-Rayet star (∼ 1011 cm). As for
XRF 060218, the large radius of the X-ray emitting region could be the result of the
shock being driven into the dense stellar wind, and the thermal radiation is observed
once the wind density decreases and becomes optically thin.
Thus, the brightness of the B-band detection at t− to = 0.598 days, when taken in
tandem with the hard value of the power-law index (b =+0.94±0.05) of the SED at
this epoch, as well as the presence of the extremely hot thermal component (T ≈ 1.6×
106 K) in the X-ray spectrum at 144 s ≤ t− to ≤ 737 s, suggests that we have detected
optical emission coming from the cooling, expanding envelope that was heated by the
passage of the shock-wave through it.
4.2.5
Stretch Factor relative to SN 1998bw
We have determined the stretch factor (s) and luminosity factor (k) of SN 2010bh in
relation to the archetype GRB-SN, SN 1998bw. To do this we have created synthetic
flux SN 1998bw light curves in filters BVRci as they would appear if they occurred at
z = 0.0591. At each epoch, an SED of the observed SN 1998bw light curves is built
and interpolated using polynomials. This allows us to cover the temporal-frequency
space for SN 1998bw and build synthetic light curves for other specified observed
frequencies. When constructing the synthetic LCs we have accounted for the inverse-
squared distance (i.e. luminosity distance) suppression of flux, as well as restframe
extinction and time dilation effects. We then fit the flux SN 1998bw light curves with
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Table 4.5 Luminosity (k) and Stretch (s) Factors
of SN 2010bh
Filter s k
B 0.62±0.01 0.41±0.01
V 0.64±0.01 0.43±0.01
Rc 0.62±0.02 0.40±0.01
i 0.60±0.01 0.48±0.01
an empirical relation of the form:
U(t) = A+rt
�
e(
−ta1
F )
1+ e(
p−t
R )
�
+ ta2 log(t−a3) (4.1)
where A is the intercept of the line and r and F are related to the respective amplitude
and width of the function. The exponential cut-off function for the rise has a charac-
teristic time R and a phase zero-point p, while a1, a2 and a3 are free parameters. All
of the parameters are allowed to vary during the fit.
Once the flux light curve of SN 1998bw was fit by Equation (4.1), the stretch and
luminosity factors of SN 2010bh were determined by fitting the following equation:
W (t) = k×U(t/s) (4.2)
to the flux light curve of SN 2010bh in each filter.
The stretch factors of SN 2010bh relative to SN 1998bw were determined using
data taken several days after the initial burst (t− to≥ 7.0 days) as the early light curves,
whose shapes are altered by light coming from an additional shock break-out compo-
nent, are very different to that of SN 1998bw. The results of the fit are listed in Table
4.5, where the quoted errors are statistical only.
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For GRB and XRF events where an optically bright SN has been detected (i.e. not
including events such as SN-less GRBs 060505 and 060614; e.g. Fynbo et al. 2006),
it is seen that SN 2010bh is the faintest SN to date that has been linked spectroscop-
ically with a GRB or XRF (see Table 4.8 to compare the stretch factors between the
GRB/XRF-SNe; see also Tables 4.4 and 5.1 to compare the peak SN magnitudes), and
is of similar peak brightness as the SN associated with GRB 970228 (k = 0.40±0.29,
though the host extinction is unknown), but not as faint as the supernova that was
photometrically-linked to GRB 101225A (k = 0.08± 0.03, Tho¨ne et al. 2011). The
slower evolution of SN 2006aj relative to SN 2010bh seen upon inspection of the op-
tical light curves is echoed in the computed stretch factors for the two SNe. In the B
filters they are approximately the same value (SN 2010bh: s= 0.62±0.01; SN 2006aj:
s = 0.60± 0.01), however in the redder filters SN 2010bh has smaller stretch factors
relative to SN 2006aj.
It should be mentioned that SN 1998bw is not the ideal template for SN 2010bh.
At early times light from the shock break-out changes the shape of the light curve,
which affects how well SN 1998bw, for which no shock break-out was observed, can
be used as a template. Even at late times it is seen in Figure 4.1 that SN 2010bh
decays more slowly than the stretched LC of SN 1998bw, thus showing that the two
SNe evolve quite differently. The limitations of using SN 1998bw as template was also
noted by Ferrero et al. (2006), where they used an additional power-law component
when fitting their SN 1998bw template to their multi-filter observations of SN 2006aj.
SECTION 4.3
Reddening & Absolute Magnitudes
Determining the absolute magnitude of SN 2010bh requires an estimate of the amount
of extinction local to the site of the SN explosion. Drout et al. (2010) found for a
sample of local type Ibc SNe that the mean values of the (V −R) colour at ten days
after maximum are tightly distributed. The authors found at ten days afterV maximum
�(V−R)V10�= 0.26±0.06 mag, and ten days after Rmaximum �(V−R)R10�= 0.29±
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0.08 mag. For SN 2010bh we found the (V −R) colour at ten days after V and R
maximum to be, respectively, �(V −R)V10� = 0.38± 0.05 mag, and �(V −R)R10� =
0.43± 0.05 mag. The difference in the colours of the sample found by Drout et al.
(2010) in comparison with SN 201bh implies a colour excess of E(V −R)� 0.12 mag,
which in turn implies E(B−V ) � 0.18 mag (using the relative extinction values in
Table 6 of Schlegel et al. 1998).
For comparison, using the Balmer Ha and Hb lines fluxes to measure the Balmer
decrement, Starling et al. (2011) found a combined reddening (host and foreground)
of E(B−V ) = 0.178 mag for a nearby HII region (“Source A”; see Figure 11 in Star-
ling et al. 2011). The foreground extinction found from the dust maps of Schlegel
et al. (1998) is E(B−V ) = 0.117 mag, which implies a restframe, host extinction of
E(B−V ) = 0.061 mag. This value is consistent with the value found via comparing the
colour curves, albeit somewhat smaller, but provides additional credence to the method
described by Drout et al. (2010). We note that the value for the colour excess found
by Starling et al. (2011) was not for the specific explosion site of SN 2010bh as the
SN was still bright during their observations, thus the authors made the colour excess
measurement of a nearby bright knot/blob instead. Nevertheless, these independent
analyses imply a small colour excess for the location near and around SN 2010bh. Us-
ing the value E(B−V ) = 0.18±0.08 mag, we have calculated the absolute magnitudes
for SN 2010bh (Table 4.4).
In comparison with the peak magnitudes of almost all of the previously detected
GRB-SN tabulated by Cano et al. (2011), it is seen that the peak absolute V -band
magnitude of SN 2010bh (MV = −18.62± 0.08) is the faintest ever detected for a
spectroscopically-detected GRB-SNe and is ∼ 0.8 mag fainter than SN 1998bw at
peak brightness. Cano et al. (2011) found for a sample of 22 GRB-SNe (the authors
excluded events where only an upper limit to the SN brightness was obtained; e.g.
GRBs 060505 & 060614, Fynbo et al. 2006), where measurements of the host extinc-
tion have been made and included in the absolute magnitude calculation, an average,
absolute, V -band magnitude of �MV �=−19.00, with a standard deviation of s = 0.77
mag. In a separate analysis of the peak GRB-SNe magnitudes, Richardson (2009) de-
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Figure 4.5 The quasi-bolometric light curve for XRF 100316D / SN 2010bh in the
3,000A˚−16,600A˚ wavelength range, which was obtained by integrating the flux in the
optical and infrared filtersUBVRiJH. The model (solid line) that is used to determine
the nickel mass and ejecta mass is also plotted. Peak bolometric light is found to be at
t− to = 8.57±0.04 days.
termined for a sample of 14 GRB-SNe with known values for the host extinction, an
average absolute V -band magnitude of �MV � = −19.20, with a standard deviation of
s = 0.70 mag. In comparison with these analyses it appears that SN 2010bh lies at the
lower end of the peak brightness distribution.
SECTION 4.4
Explosion parameters
We have constructed a quasi-bolometric light curve of XRF 100316D / SN 2010bh
(Figure 4.5) in the 3,000A˚− 16,600A˚ wavelength range (i.e. UBVRciJH) by taking
the following steps: (1) converting all magnitudes to monochromatic fluxes after cor-
recting for foreground and host extinction; (2) the SED at each epoch was integrated
over frequency. At epochs where there were no contemporaneous data, the individual
light curves in each filter were extrapolated after fitting Equation (4.1) to the individual
light curves in each filter. For epochs where there were no IR data, we estimated the
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amount of IR flux as a fraction of the total bolometric flux using the existing data and
extrapolating between epochs.
For epochs before the first IR detection (i.e. t− to = 8.6 days), we have assumed
a constant fraction of flux at IR wavelengths of 20%. We note that this assumption
of a constant amount of flux at IR wavelengths is valid only for the first dozen or so
days, as it is seen that the fraction of light at IR wavelengths actually increases with
time and can be as high as 45% at late times (see Figure 4.8 in this work, as well as
Figure 9 of Modjaz et al. 2009). The increase in the amount of flux at redder wave-
lengths is expected however, as it is seen that core-collapse SNe become redder over
time. We estimate the uncertainty in the bolometric magnitude, which is dominated by
systematic errors described in the method above, to be of order 0.2 mag.
We have calculated the time of peak bolometric light by fitting a series of different
order polynomials to the bolometric light curve. We find peak bolometric light to be
at t− to = 8.57± 0.04 days, where the error is statistical and determined from the
distribution of peak times determined from the different order polynomials.
Here we have determined a quasi-bolometric light curve of XRF 100316D / SN 2010bh
up to ≈ 35 days. This time interval corresponds to the photospheric phase. To attempt
to extract physical parameters of the progenitor star we have used a simple analytical
model that was developed by Arnett (1982) for type I SNe, which was later expanded
by Valenti et al. (2008).
Arnett-like models have been used by many authors to intrepret the light curves
of numerous Ibc SNe and GRB-SNe events, including: Ib SN 1999dn, Benetti et al.
(2011); Ic-BL SN 2003jd, Valenti et al. (2008); Ic SN 2004aw, Taubenberger et al.
(2006); Ic-BL SN 2009bb, Pignata et al. (2011); GRB-SNe 1998bw, Iwamoto et al.
(1998); Richardson et al. (2006) for a sample of Ibc SNe; Drout et al. (2011) for a
sample of Ibc SNe. The model assumes: (1) homologous expansion of the ejecta, (2)
spherical symmetry, (3) all of the radioactive nickel (56Ni) is located at the centre of the
explosion and does not mix, (4) radiation-pressure dominance, (5) a small initial radius
before explosion (Ro→ 0), and (6) the applicability of the diffusion approximation for
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